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SUMMARY 
 
This dissertation focuses on the microstructural and analytical characterization of plasma 
dissociated zircon (PDZ) which was produced by the South African Nuclear Energy 
Corporation (NECSA). The techniques used in the analysis of the material include scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), energy and 
wavelength dispersive X-ray spectrometry (EDS and WDS), infrared spectroscopy, Raman 
spectroscopy and X-ray diffraction (XRD). 
 
The differences in morphology of the zirconia (ZrO2) crystals observed in the PDZ are related 
to the thermal history of the material. Large zirconia crystals grow in a spherulitic manner 
and have the monoclinic crystal structure. Some smaller crystals formed via a rapid cooling 
process appear to retain the tetragonal or cubic crystal structures rather than relaxing to the 
monoclinic structure, and this may be because such nanocrystals are stabilised by small 
surface area or constraints from surrounding materials. Impurity distribution analysis of the 
PDZ showed that majority of the impurities present in zircon segregates to the silica phase 
during the dissociation process. 
 
The infrared and Raman spectroscopy analysis of the PDZ material indicated that the zirconia 
is present in the monoclinic and tetragonal polymorphs. X-ray diffraction revealed the 
presence of monoclinic, tetragonal and cubic zirconia phases. Rietveld refinement of the 
XRD patterns revealed zirconia to be predominantly found in the monoclinic polymorph 
followed by the tetragonal and cubic polymorphs. A Fourier transform infrared (FTIR) 
spectrometer equipped with an attenuated total reflectance (ATR) cell proved to be a viable 
method for determining the percentage dissociated zircon in PDZ. 
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CHAPTER ONE 
 
INTRODUCTION 
 
Zirconium is a lustrous, grayish-white, corrosion-resistant metal with excellent strength and 
heat resistant properties (Yau, 1982). It has a wide range of applications, and is used in 
alloyed and unalloyed forms. Zirconium metal has a low absorption cross-section for thermal 
neutrons (Li et al. 2011) which makes it transparent to neutrons. It is therefore used as a 
cladding material in nuclear reactors. Zirconium is naturally present in a number of minerals, 
most notably zircon (ZrSiO4) and baddeleyite (ZrO2), but it does not generally occur in nature 
as a native metal. Zircon is the main source of zirconium and is found in alluvial sand 
deposits (zircon sand) (Kennedy, 1990). 
 
The chemical inertness of zircon makes the separation of the zirconium and silicon 
components by chemical techniques difficult. The application of thermal plasma technology 
has shown to be an effective technique for the separation of the zirconia and silica phases 
(Yugeswaran et al. 2010). In this process the zircon can be made chemically more tractable 
by dissociation in a plasma flame above the melting point (1687°C) into zirconia (ZrO2) and 
silica (SiO2). This product is known as plasma dissociated zircon (PDZ). The structure of 
PDZ material can be described as finely dispersed zirconia crystals (m.p. 2700°C) embedded 
in a glassy silica matrix (m.p. 1650°C). The silica can be separated from the product by acid 
or alkali leaching to get pure zirconium oxide (Yugeswaran et al. 2010). 
 
The zirconia in PDZ exists in three crystal structures namely monoclinic which is stable 
below 1180°C, tetragonal which is stable in the range of 1180-2370°C and cubic which is 
stable above 2370°C (Christensen et al. 1998). Characterization of the size and distribution of 
zirconia within the silica produces important information regarding the efficiency and 
thermal history of the dissociation process. Microanalysis of the zirconia phase is thus 
important since the presence of impurities is detrimental to the physical properties of the 
zirconium alloys, known as zircaloys. 
 
This dissertation focuses on the phase morphology of the PDZ material, as it is related to the 
thermal history (melting and solidification) of the material. The phase analysis of the material 
2 
  
was performed in a scanning electron microscope (SEM). Analysis of the impurity 
distribution within each phase of the PDZ material was determined by energy dispersive X-
ray spectrometry (EDS). The crystallite structures of the zirconia were investigated by using 
transmission electron microscopy (TEM), infrared spectroscopy (IR), Raman spectroscopy 
and X-ray powder diffraction (XRD). A method for determining the percentage zircon that 
has dissociated was also investigated by using attenuated total reflectance Fourier transform 
infrared spectroscopy (ATR-FTIR).  
 
The outline of the dissertation is as follows. In Chapter 2 a brief discussion of zirconium and 
the main zirconium containing minerals is given. Emphasis is placed on the properties and 
uses of these minerals. Chapter 3 discusses the beneficiation of zirconium from zircon by 
means of the plasma dissociation process. Chapter 4 deals with the theory regarding the 
equipment used in this investigation. Chapter 5 gives the experimental details of the 
investigation of the PDZ material. In Chapter 6 the experimental results obtained in this study 
and discussions thereof are presented. Conclusions drawn from the results obtained for each 
experimental technique are listed in Chapter 7. 
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CHAPTER TWO 
 
ZIRCONIUM AND ZIRCONIUM CONTAINING MINERALS 
 
2.1 Zirconium and Hafnium 
 
2.1.1 Background 
 
Zirconium is a lustrous, greyish-white, corrosion resistant metal. Like all the transition 
elements of the fourth group, zirconium solidifies to a body-centred cubic (bcc) structure (β 
phase) but undergoes at temperatures at 1135K a transition of the martensitic variety to the 
hexagonal close packed (hcp) structure (α phase) (Stassis et al. 1978) as shown in Fig. 2.1. 
 
 
Fig. 2.1.  The (a) body-centred cubic and (b) hexagonal close packed structure  
(Cullity, 1959). 
 
Zirconium metal as shown in Fig. 2.2 is an important refractory material and is used in 
alloyed and unalloyed forms. Its outstanding metallurgical properties, such as resistance to 
high temperatures and chemical attack, has led to its use in challenging engineering 
applications such as chemical reactors with hot, corrosive environments.  
4 
  
 
Fig. 2.2. Zirconium metal (Zirconium). 
 
Zirconium occurs in nature as five isotopes of which Zr-90 is the most prevalent form 
(>50%) and the other four stable isotopes and their relative abundances are Zr-91 (11%), Zr-
92 (17%), Zr-94 (17%) and Zr-96 (2.8%). However, zirconium is never found in nature as a 
native metal (Eshed et al. 2011). 
 
The main source of zirconium is from the mineral zircon, ZrSiO4, (zirconium orthosilicate), 
which is found in alluvial deposits in streambeds, ocean beaches and old lake beds. Zircon is 
the only commercial source of zirconium. Baddeleyite, which is essentially pure zirconium 
dioxide, ZrO2, is the only other important zirconium mineral. Of the two mineral forms, 
zircon is by far the more abundant source.  
 
The element hafnium (Hf) is always present with zirconium at ratios of about 50:1 atomic 
(Zr:Hf). Zirconium and hafnium are the two most similar elements in nature and has almost 
identical chemistry: 
 The atomic radii of zirconium and hafnium are 1.45 Å and 1.44 Å, respectively, while 
the radii of the ions are Zr
4+
, 0.74 Å, and Hf
4+
, 0.75 Å. The virtual identity of atomic 
and ionic sizes, result from the lanthanide contraction. 
 Similar valence electron configuration:    
Zr: [Kr] 4d
2
, 5s
2
 
  Hf: [Xe] 4f
14
 5d
2
, 6s
2 
5 
  
Due to the above similarities it is very difficult to separate the two and this is only done when 
absolutely necessary such as for zirconium in nuclear applications and the preparation of 
hafnium compounds.  
 
Like zirconium, hafnium is known for its high corrosion resistance and is used in alloyed or 
unalloyed forms. 
 
Several minerals containing zirconium were known in ancient times, one of which, “jacinth”, 
is mentioned several times in the Bible (Watt, 2008). Zirconium was discovered by Martin 
Heinrich Klaproth, a German chemist, while analysing the composition of the mineral jargon 
(ZrSiO4) in 1789. Jons Jacob Berzelius, a Swedish chemist isolated zirconium and finally 
prepared it in pure form in 1914. The electron structure of hafnium had been predicted by 
Niels Bohr, but due to its chemical properties being so close to those of zirconium, hafnium 
was not discovered until 1923 when Dirk Coster, a Danish chemist, and Charles de Hevesy, a 
Hungarian chemist, detected it using X-ray spectrographic analysis (Kennedy, 1990). 
 
2.1.2 Absorption of thermal neutrons 
 
The main difference between zirconium and hafnium are their ability to absorb neutrons. The 
physical property of greatest interest for hafnium is its response to neutrons. Neutrons cause 
nuclear fission reactions occur. Nuclear fission reaction takes place when a neutron strikes a 
fissionable atom, such as U-235 nuclei (Fetter, 1993). The neutron causes the atom to break 
apart and a large amount of energy is released. Fig. 2.3 is an illustration of a nuclear fission 
reaction. 
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Fig. 2.3. Nuclear fission reaction (Neutrons for elemental analysis). 
 
In order to convert the energy released from the fission reaction into electricity, the fission 
reaction must be carefully controlled. To achieve this, the number of neutrons must also be 
regulated. Hafnium, similar to cadmium (Cd) in its ability to absorb neutrons very easily, are 
used in rods that control how fast a fission reaction takes place (Ogiyanangi et al. 2009)  
 
This is where hafnium and zirconium differ. Whist hafnium is a very good absorber of 
neutrons, zirconium hardly absorbs neutrons at all, allowing them to pass right through it. 
 
Hafnium “free” zirconium is thus used in the fuel rod claddings as shown in Fig. 2.4 to 
prevent the contact between the cooling water and fuel in the cores of nuclear reactors. The 
strong ability of hafnium to absorb neutrons led to its use in controlling nuclear reactors. 
Rods containing hafnium as shown in Fig. 2.5 are raised or lowered to regulate the nuclear 
reaction.  
 
The neutron absorbing hafnium, if present, would decrease the relative neutron transparency 
of the zirconium cladding, and the efficiency of the reactor (Lewis, 2008). 
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Fig. 2.4. Zirconium cladding tubes (Sumitomo Metals, 2009). 
 
 
Fig. 2.5. Hafnium bars (Hafnium rod/ hafnium bar 2012). 
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2.1.3 Occurrence of zirconium  
 
Zirconium is present in the earth‟s crust at a concentration of about 130 milligrams per 
kilogram (mg/kg), and its concentration in seawater is about 0.026 micrograms (μg)/litre 
(Human Health Fact Sheet, 2005) In nature zirconium is only found in compounds combined 
with other elements mostly oxygen (Krebs, 2006).  
 
Zircon and baddeleyite are the main sources of zirconium. These minerals contain 1.5-3 
weight percentage (wt. %) hafnium. 
 
2.1.4 Uses and Applications 
 
Table 2.1 below lists all the main uses of zirconium and zirconium compounds. 
 
Table 2.1. Uses of zirconium and zirconium compound (Skidmore and Krebs, 2006). 
Product 
 
Abbreviation Formula Application 
Zr oxychloride ZOC ZrOCl2.8H2O Antiperspirant, Oil field 
acidizing agent 
 
Zr sulphate ZOS Zr(SO4)2.4H2O Leather tanning reagent 
 
Zr carbide  ZrC Light bulb filament, for 
cladding metals to protect 
them from corrosion. 
 
Zr carbonate  3ZrO2.CO2.H2O Lotion for the treatment of 
poison ivy infections 
Zr basic carbonate ZBC or BZC ZrOCO3.xH2O Paint driers, Antiperspirant, 
Catalyst 
 
Ammonium Zr 
carbonate 
AZC 2(NH4).C2H2O8Zr Paper coating , Fungicidal 
treatment of textiles 
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Zr acetate ZAC H2ZrO2(C2H3O2)2 Water repellent in 
textiles/paper, Catalyst 
production 
 
Potassium 
hexafluorozirconate 
KFZ K2ZrF6 Grain refiner- Mg/ Al alloys, 
Flame proofing of textiles 
 
Zr metal  Zr Chemical processing plant, 
Nuclear fuel rod/ core 
components, Explosives, 
alloys, Pyrotechnics, Military, 
Orthopaedics 
 
  
In 2001, a biocompatible zirconium alloy knee replacement was introduced and in 2003 the 
same alloy containing zirconium in an oxidized form was applied to the bearing surface in an 
artificial hip (Skidmore). 
 
Zirconium‟s resistance to corrosion to common acids and bases has led to its use by the 
chemical industry where corrosive agents are employed. Zirconium is also used in the 
fabrication of vacuum tubes, surgical appliances, photoflash bulbs, explosive primers, and 
lamp filaments. 
 
Hafnium has a high melting point of 2150ºC. It is used as an ingredient in some types of 
high-temperature nickel-based superalloy, in ceramics, and in nozzles for plasma arc metal 
cutting. Finely powdered hafnium can spontaneously ignite in air; because of this reactivity 
hafnium is used in incandescent light bulb filaments as a scavenger or “getter” to absorb 
contaminant oxygen and nitrogen in the bulb vacuum.  
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2.2 Zircaloys 
 
Materials that are used for cladding of the nuclear fuel, i.e. preventing the contact of the 
coolant (water) with the fuel in water-cooled reactors should possess several requirements; it 
should be resistant to corrosion, have good mechanical properties and should be a good 
thermal conductor. With respect to nuclear properties, it is necessary that the cladding 
material presents low absorption cross section for thermal neutrons (Teodoro et al. 2007).  
 
Zirconium metal has low absorption cross-section for thermal neutrons, which makes it ideal 
for nuclear energy uses such as cladding for fuel elements. Zirconium metal has strong 
corrosion-resistance properties as well as the ability to confine fission fragments and neutrons 
so that thermal or slow neutrons are not wasted, thus improving the efficiency of the nuclear 
reactor (Li et al. 2011). 
  
The addition of alloying elements to pure zirconium greatly improves its mechanical 
properties and corrosion resistance, by counterbalancing the harmful effect of impurities such 
as nitrogen, oxygen and carbon at high temperatures. The chemical engineering community is 
now increasing the use of zirconium alloys in a variety of severe environments (McNatt et al. 
2002). These zirconium alloys are known as zircaloys. 
 
Zr-Sn, Zr-Nb and Zr-Sn-Nb are the main zirconium alloy systems. The alloying of zirconium 
with tin (Sn) counteracts the deleterious action of nitrogen in zirconium, while the niobium 
addition to zirconium eliminates C, Al and Ti and reduces hydrogen gettering. In addition Nb 
possesses low thermal neutron absorption cross section as well. Table 2.2 shows the 
compositional (wt. %) information of some common zircaloys. 
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Table 2.2. Composition of typical zircaloys from Zhang (2009). 
Name Composition Country 
Zr-2 Zr – 1.5 Sn – 0.2 Fe – 0.1 Cr – 0.05 Ni 
 
America 
Zr-4 Zr – 1.5 Sn – 0.2 Fe – 0.1 Cr 
 
America 
Zr-2.5 Nb Zr – 2.5 Nb 
 
Canada 
Zr-1Nb Zr – 1 Nb 
 
Soviet Union 
ZIRLO Zr – 1.0 Sn – 1.0 Nb – 0.1 Fe 
 
America 
M5 Zr – 1.0 Nb – 0.16 O 
 
France 
E635 Zr – 1.2 Sn – 1.0 Nb – 0.4 Fe 
 
Russia 
NDA Zr – 1.0 Sn –1.0 Nb – 0.4 Fe 
 
Japan 
NZ2 Zr – 1.0 Sn – 0.1 Nb – 0.28 Fe – 0.16 
Cr – 0.01 Ni 
China 
NZ8 Zr – 1.0 Sn – 1.0 Nb – 0.3 Fe 
 
China 
HANA6 
 
Zr – 1.1 Nb – 0.05 Cu Korea 
HANA3 
 
Zr – 1.5 Nb – 0.4 Sn – 0.1 Fe – 0.1 Cu Korea 
HANA4 
 
Zr – 1.5 Nb – 0.4 Sn – 0.2 Fe – 0.1 Cr 
 
Korea 
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Zircaloy-2 is used as fuel cladding in boiling water reactors (BWR) (Lee et al. 1999) and 
pressure tubes for heavy water reactors. Fig. 2.6 shows a typical BWR system and Fig. 2.7 
shows a channel box and spacer grids in a BWR. 
 
 
Fig. 2.6. Schematic diagram of a typical BWR (Nave, R). 
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Fig. 2.7. A perspective on BWR nuclear fuel assembly (The Virtual Nuclear Tourist 2012). 
 
 
Due to the hydrogen absorption and hydride from nickel, Zircaloy-4 was developed with 
higher iron content and no nickel. It is employed as fuel element cladding in Pressurized 
Water Reactors (PWR) (Lee et al. 1999) and channel box structural material in BWR. Fig. 
2.8 shows a typical PWR system and Fig. 2.9 shows the assembly in a PWR fuel assembly. 
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Fig. 2.8. Schematic diagram of a typical PWR (Nave, R). 
 
 
Fig. 2.9. A perspective of a PWR nuclear fuel assembly 
(World Nuclear Association). 
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It has been shown that Zr-Nb alloys have superior corrosion performance compared to that of 
Zr-2 and Zr-4. Most PWR fuel vendors are thus developing Zr-Nb alloys such as ZIRLO and 
M5 (Rudling et al. 2000). 
 
ZIRLO  is used for fuel cladding, structural and flow mixing grids, instrumentation tubes, and 
guide thimbles, increase margin to fuel rod corrosion limits, and enhances fuel assembly 
structural stability in PWR. ZIRLO has a corrosion rate 58% smaller compared to that of 
Zircaloy-4 (Teodoro et al. 2007). 
 
2.3 Zirconium minerals 
 
2.3.1 Zircon 
 
The crystal structure of zircon (ZrSiO4) is tetragonal with space group I41/amd and Z= 4. The 
ideal structure consists of a chain of alternating, edge-sharing SiO4 tetrahedra and ZrO8 
triangular dodecahedra extending parallel to crystallographic axis c (Zhang et al. 2001). Fig. 
2.10 shows the structure of zircon along the x-axis, illustrating the chains of alternating edge-
sharing SiO4 tetrahedra and ZrO8 triangular dodecahedra extending parallel to z-axis and 
joined laterally by edge-sharing dodecahedra. 
 
Fig. 2.10.  The structure of zircon (Deer et al. 1982). 
16 
  
Zircon is produced as one of several products from heavy-mineral sand deposits associated 
with ancient shorelines (Pirkle et al. 1993) and is a common accessory mineral in nature, 
occurring in a wide variety of sedimentary, igneous and metamorphic rocks. Known to 
incorporate an assortment of minor and trace elements, zircon has the ability to retain 
substantial chemical and isotopic information, leading to its use in a wide range of 
geochemical investigations, including studies on the evolution of Earth‟s crust and mantle 
(Finch et al. 2003). Zircon is usually considered to be a by-product of the mining of rutile 
(TiO2) and ilmenite (FeTiO3) (Puclin et al. 1995). 
 
Naturally occurring zircon commonly contains trace amounts of radioactive elements, 
uranium and thorium. With half lives of the order of a billion years much of the uranium and 
thorium present at the time of formation of the universe, is still in existence. These elements 
are distributed throughout the body of the planet but do become preferentially concentrated in 
certain types of solid minerals and hence rocks. 
 
The natural colour of zircon varies between colourless, yellow-golden, red, brown, blue and 
green. Owing to their uranium and thorium content, some natural zircons may undergo a 
transition from the crystalline to an aperiodic state due to alpha-decay event damage from 
constituent radionuclides and their daughters substituting for zirconium (Salje et al. 1999 and  
Woodhead et al. 1999). This process is known as metamictization. The effects of radiation 
damage of the structure of zircon can be seen as the systematic changes of its physical 
properties (Zhang et al. 1999). As the zircon becomes more and more modified by internal 
radiation damage, the density decreases, the crystal is compromised, and the colour changes. 
Fig. 2.11 shows the different colour zircons. 
 
Zircon is an important ceramic material due to its high resistance to thermal shock, its low 
thermal expansion coefficient and chemical inertness (Tartaj et al. 2000). Its high melting 
point makes zircon an excellent refractory material as well. Other uses of zircon sands are in 
foundry and investment casting. Table 2.3 lists some of the uses of zircon. 
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Fig. 2.11. Different colour of zircons (The Gemstone Zircon). 
 
Table 2.3. Basic uses of zircon taken from Pirkle et al. (1993) 
Industry 
 
Application 
Foundry Sand mold and cores 
 
Precision investment casting Prime coat slurry, cores, shell molds 
 
Refractory Ladle brick, coating, mortars and linings 
 
Ceramic Glazes, sanitary ware, call tile, dinnerware, 
electrical porcelain, glazed brick and industrial 
tile, artwork, Opacifiers 
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2.3.2 Zirconia 
 
Zirconia (ZrO2) is an important ceramic material with an increasing range of applications. 
 
Important properties of zirconia taken from Li et al. (1993), Li et al (2011) and Heimann 
(2002) : 
 High mechanical strength and fracture toughness 
 Outstanding wear resistance and hardness 
 Excellent antifriction properties 
 Modulus of elasticity and coefficient of thermal expansion similar to those of steel 
 Excellent thermal and electrical insulating properties 
 High electrical conductivity at elevated temperatures 
 Biocompatible and allergen-low 
 
Table 2.4 lists some of the uses of zirconia. 
 
Table 2.4. Basic uses of zirconia taken from Maczka et al. (1999) and Skidmore (2006). 
Industry Application 
Bioceramics Hip and knee replacement joints, dental ceramics 
Technological Oxygen sensors, fuel cells 
Jewellery Gemstones, watch bezel, bracelets 
Cutting Blades, scissors 
 
 
2.3.3 Zirconia polymorphs 
 
Zirconia undergoes polymorphic transformation with change in external parameters (Bouvier 
et al. 2000). Below 1180°C, the stable phase is the McCullough-Trueblood structure, which 
has monoclinic symmetry (P21/c) and sevenfold cation coordination. This structure is often 
referred to as baddeleyite in mineralogical context. From 1180ºC to 2370°C, the stable phase 
has tetragonal symmetry (P42/nmc) and eightfold cation coordination. From 2370°C to the 
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melting temperature, 2700°C, the stable phase is fluorite, which has the cubic symmetry 
(Fm3m) and also has eightfold cation coordination (Christensen et al. (1998)). These crystal 
structures are illustrated in Fig. 2.12. 
 
 
Fig. 2.12. The (a) monoclinic, (b) tetragonal and (c) cubic structure. Small dots represent 
zirconium atoms and large dots oxygen atoms (Zirconium Oxide).  
 
2.3.4 Phase transition and stabilized zirconia 
 
During cooling, the tetragonal to monoclinic zirconia phase transformation undergoes an 8% 
shear strain and 3-5% volume increase. The retention of the tetragonal structure at low 
temperatures depends upon the magnitude of the strain energy arising from the elastic 
constraints by the surrounding material and volume changes associated with the 
transformation. In two phase materials, like ZrO2·SiO2, the zirconia can also be constrained 
by the silica matrix. The strain energy arising from these constraints can be reduced by 
microcracking and/or twinning.  Both microcracking and twinning can accommodate some of 
the volume and shape changes associated with the transformation and can reduce the 
constraint imposed by the surrounding material (Lange, 1982). 
 
The cubic and tetragonal phases can also be stabilised at lower temperatures by doping 
zirconia with divalent or trivalent cations, such as Mg, Ca and Y (Maczka et al. 1999). These 
dopants induce disorder in the oxygen position, and allow the tetragonal and cubic phases to 
be metastable at lower temperatures. Its structure is then deficient in oxygen, which favour 
oxygen transportation and produces ionic conduction (Bokhimi et al. 1998). Tetragonal and 
cubic zirconia are thus components in oxygen-ion conductors and is therefore used in oxygen 
sensors, oxygen pumps and fuel cells for electricity generation.  
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This doping results in fused, fully stabilised zirconia (FSZ) in the cubic phase, which is stable 
from room temperature to its molten state. This material has a uniform thermal expansion 
curve, hence rapid volume changes are eliminated, which means the ceramic article being 
produced, eg. a refractory nozzle, does not crack or shatter on cooling (Skidmore, 2006). 
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CHAPTER THREE 
 
BENEFICIATION OF ZIRCONIUM 
 
3.1 Mining of zircon 
 
Zircon is sourced from heavy mineral sand mining operations using dredging or dry mining 
techniques. Zircon is often a by-product in the processing of heavy mineral sands which 
typically contain ilmenite, rutile, monazite, leucoxene, garnet, kyanit etc. (Biswas et al. 
2010). 
 
Fig. 3.1 shows that the world's major producers of zircon sand are Australia, South Africa 
and China. 
 
 
 
Fig. 3.1. World zirconium mining production in 2010 (10
6
kg)  
(Hafnium: Small supply, Big Applications 2011) 
 
The most important zircon mining operations in South Africa are Richards Bay Minerals, 
Exxaro‟s KwaZulu –Natal Sands and Namakwa Sands. A South African prime grade zircon, 
which was supplied by Namakwa Sands, was used in this study. 
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Namakwa Sands is a heavy mineral beneficiation business operating along the west coast of 
South Africa. Three heavy minerals are produced at the mine: zircon, rutile and ilmenite. 
Mineral concentration and separation process to extract the minerals take place at three 
locations:   
 
 During the primary concentration in the mining area, the sand is slurried by the 
addition of the water. A gravity separation process removes most of the quartz (SiO2). 
The 15 weight percentage (wt.%) zircon component in the concentrate is high by 
world standards, while ilmenite makes up 55 wt.% of the concentrate, rutile 4 wt.%, 
other heavy minerals 16 wt.%, and quartz 10 wt.%. 
 
 A secondary concentration plant separates the magnetic minerals (ilmenite and garnet) 
from the non-magnetic minerals (rutile and zircon) by wet high-intensity magnetic 
separation (see Fig. 3.2) 
 
 The separated magnetic and non-magnetic concentrates are trucked 50km inland to a 
dry mineral separation plant near Koekenaap (PositionIT March/April (2008)) 
 
 
Fig. 3.2. Aerial view of the mineral separation plant at Koekenaap   
(PositionIT March/April (2008)). 
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The zircon is exported to various markets while only a small amount is used in the NECSA 
beneficiation of zirconium programme. 
3.2 Zirconium extraction from zircon 
 
Several methods are used for the industrial processing of zircon to extract zirconium and the 
production of zirconium dioxide and tetrachloride (Abdel-Rehim, 2005), using either thermal 
or chemical routes. These methods include the following: 
 
 sintering of zircon with sodium carbonate at 900ºC 
 sintering with sodium hydroxide at 600-650ºC 
 sintering with calcium oxide or carbonate at 1400-1500ºC and with calcium oxide and 
flux (calcium chloride) at 1000-1100ºC 
 sintering with potassium fluorosilicate at 650-700ºC  
 sintering of zircon with aluminium fluoride at 870ºC 
 chlorination of a mixture with coal at 900-1000ºC in blast furnace, resulting in the 
distillation of zirconium and silicon tetrachlorides  
 carbidization of zircon in a mixture of coal in an electric arc furnace at 2000-2200ºC 
with the formation of zirconium carbide.  
 
Commercially, zirconia is a mainly prepared by the chemical process involving high 
temperature digestion of zircon with alkali, followed by separation of zirconium oxide from 
sodium silicate (Yugeswaran et al. 2010). Some drawbacks of these techniques are the 
process complexities, environmental pollution and high costs owing to its high thermal and 
chemical stability. 
 
Thermal plasma technology is a simple and efficient method for extracting zirconium oxide 
from zircon sand (Yugeswaran et al. 2010). Advantages of thermal plasmas are:  
 Attainment of high temperatures and high energy density which makes it easier to 
process high-temperature materials; e.g., ceramic oxides and refractories;  
 Independent control of crucial process parameters like input power, process gas flow 
rate, or reactive environment; 
 Attainability of very high cooling rate; 
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 Increased reaction kinetics by several orders of magnitude due to the high temperature 
in the plasma medium. 
  
Zirconium can also be extracted from zircon by a process that involves the injection of a 
stream of zircon concentrated particles through large volume plasma (100 to 300kW) so that 
it rapidly melts and resolidifies. The product, referred to as plasma dissociated zircon (PDZ), 
is a convenient starting point for the preparation of ZrO2 powder since the SiO2 phase can be 
readily removed by leaching with an acid or base (McPherson et al. 1984). The PDZ 
formation reaction is shown below: 
 
                plasma 
ZrSiO4        ZrO2 · SiO2       (3.1) 
               1700°C       (PDZ) 
 
3.3 Plasma dissociated zircon 
 
A phase diagram for the ZrO2·SiO2 system is illustrated in Fig. 3.3. The phase diagram, 
which is based on the work done by Butterman et al. (1967) and revised by Kaiser et al. 
(2008), shows an upper limit of zircon stability of 1676ºC, just below the temperature at 
which a liquid phase is formed (1687ºC). This diagram also shows liquid immiscibility above 
2250ºC. 
 
PDZ is a dispersion of zirconia in a glassy silica matrix. The zircon on average dissociates at 
1680-1700ºC, but the presence of impurities could lower this dissociation temperature 
(Kaiser et al. 2008). 
 
The dissociated zircon however, on slow cooling will recombine which allows the zirconia 
and silica to form zircon again. Thus quenching the PDZ after annealing will result in higher 
PDZ content since the reverse reaction will be suppressed (Kaiser et al. 2008). The final 
separation of the two phases from the PDZ is achieved by acid or alkali leaching of the silica 
to obtain pure zirconia. 
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Fig. 3.3.Zirconia-silica phase diagram (Kaiser et al. 2008). 
 
This plasma dissociation process converts zircon from a chemically inert specie to a 
chemically reactive specie, ZrO2·SiO2, However there is no change in the chemical 
composition of PDZ compared to that of zircon (Snyders et al. 2006). 
 
The morphology and particle size of the PDZ is of great importance, as it can be related to the 
thermal history, melting and solidification, of the material (Ai Ming Wong et al. 1981 and 
McPherson et al. 1984). The variety of the morphologies of zirconia crystals observed in 
PDZ arises from alternative crystallization paths which depend upon the cooling rate of the 
dissociated zircon. 
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3.4 Determination of the percentage dissociated zircon in PDZ 
 
Since the conversion of zircon into zirconia and silica is a reversible reaction it is of utmost 
importance to prevent the reassociation of zircon which will result in material wastage. 
Studies on the influence of operating parameters on the dissociation reaction has shown that 
the extent of dissociation percentage of zircon was strongly affected by the torch input power, 
plasma and carrier gas flow rate, location of powder feed port, etc (Yugeswaran et al. 2010). 
These parameters as well as the cooling rate of the dissociated material need to be optimized 
in order to achieve maximum yield of PDZ from zircon. 
 
X-ray diffraction (XRD) can be used to determine the percentage of zircon dissociated to 
zirconia and silica. The dissociation percentage (DP) of the processed zircon is estimated by 
the following expression: 
 
DP (%) = 
  
      
             (3.2) 
 
where Iz and Ib are the intensities of the most intense diffraction peaks of zircon and zirconia 
respectively (Yugeswaran et al. 2010). 
 
Recent work has shown Raman spectroscopy and multivariate calibration techniques to be a 
reliable method for the determination of the percentage dissociation of zircon to PDZ as well 
(Kock et al. 2011). 
 
3.5 Impurities present in zircon and PDZ 
 
In nature, elemental zirconium bonds with sodium, calcium, iron, silicon, titanium, thorium, 
uranium and oxygen to form a number of different zirconium bearing minerals, common 
minerals are zircon, zirconium dioxide and zirconates (Pirkle et al. 1993). 
 
Zircon, the main source of zirconium, generally contains 66.7 wt. % ZrO2 and 32.8 wt. % 
SiO2. Impurities such as titanium, iron, aluminium, chromium, magnesium, calcium, 
phosphorus, uranium and thorium are usually also present in zircon. The type and 
concentrations of these impurities in zircon are location specific and are responsible for their 
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varied colouration (Siyanbola et al. 2005). The chemical composition of zircon and PDZ as 
determined by X-ray fluorescence are given in Table 3.1. 
 
Table 3.1. Chemical analysis of zircon and PDZ (weight percentage) (Snyders et al. 2006). 
Composition (wt. %) Zircon PDZ 
ZrO2 (+ HfO2) 66.7 66.6 
SiO2 32.6 32.7 
TiO2 0.12 0.12 
Fe2O3 0.06 0.06 
Al2O3 0.07 0.09 
Cr2O3 <0.01 <0.01 
MgO 0.01 0.02 
CaO 0.05 0.04 
P2O5 0.10 0.09 
U + Th (ppm) <500 <500 
 
Microanalysis of the zirconia phase is thus important since the presence of impurities is 
detrimental to the physical properties of zircaloys. It is therefore of great importance to know 
to which phase, zirconia or silica, these impurities segregate during the dissociation of zircon, 
seeing that further purification reactions need to be done in order to produce zirconium metal 
free of hafnium and other unwanted impurities.  
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3.6 Obtaining zirconium from PDZ 
 
The dissociation of zircon into the zirconia-silica (ZrO2·SiO2) mixture is accompanied by an 
increase in chemical reactivity. The zirconium can be extracted from the PDZ in several ways 
using acid and base leaching techniques.  
 
The synthesis of intermediate zirconium fluoride compounds i.e. compounds of zirconium 
that could serve as feedstock for further downstream beneficiation, is based on either 
“aqueous” routes or “dry” routes. The latter includes direct fluorination of plasma dissociated 
zircon with fluorine (F2) or HF in a fluidised bed system and a fluoride based dissolution 
route. NECSA also investigates the reaction of PDZ with ammonium biflouride.  
 
PDZ dissolves readily exothermally in 40% HF (aqueous route) and desilicates in a fluidized 
bed reactor at 120ºC by anhydrous HF (dry route). These two routes (described by Nel et al. 
2011) as well as the ammonium biflouride route are discussed below. 
 
3.6.1 The aqueous HF route 
 
The first step in the aqueous route process is the exothermal dissolution of the PDZ with 
aqueous HF. The reaction can be described as below: 
 
ZrO2.SiO2(s) + 12HF(aq) → H2ZrF6(aq) + H2SiF6(aq) + 4H2O(l)    (3.3) 
 
This solution is called the mother liquor. The H2ZrF6 is transformed to K2ZrF6 by the addition 
of KOH or KF 
 
H2ZrF6 + 2KOH → K2ZrF6 + 2H2O       (3.4) 
 
followed by  
 
K2ZrF6 → ZrF4↑ + 2KF         (3.5) 
 
The „mother liquor‟ is heated and flash evaporated in a flash chamber. The water and H2SiF6 
will evaporate out of the solution while the H2SiF6 dissociates as shown below: 
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H2SiF6(aq) → SiF4 + 2HF(g)        (3.6) 
 
The H2ZrF6 crystallizes out in the solution which is cooled down to maximise the yield of the 
crystals which are then filtered out. 
 
Drying the crystals in an oven results in the formation of several crystal structures, mainly 
H2ZrF6, ZrF4 and zirconium oxyfluorides (ZrxOyFz). 
 
3.6.2 The dry route 
 
The dry route approach involves the desilication of the PDZ at temperatures below 130°C by 
anhydrous HF in a fluidized bed reactor to produce zirconia (Nel et al. 2011). 
 
ZrO2.SiO2(s) + 4HF(g) → ZrO2(s) + SiF4(g) + 2H2O(g)     (3.7) 
 
Often not all of the zircon dissociates in the plasma, thus resulting in the incomplete 
conversion in the fluidized bed reactor. The resultant zirconia has to be physically separated 
from the zircon by carefully milling the product in a slurry where it is separated according to 
particle size.  
 
The zirconia produced can be transformed to zirconium tetrafluoride at higher temperatures, 
 
ZrO2 + 4HF → ZrF4 +2H2O        (3.8) 
 
3.6.3 Ammonium bifluoride route 
 
The reaction of PDZ with ammonium bifluoride takes place between 130 – 200°C according 
to the reaction (unbalanced) given below: 
 
ZrO2.SiO2 + NH4F.HF → (NH4)3ZrF7 + (NH4)2SiF6 + H2O    (3.9) 
 
Further heating of the products result in the sublimation of (NH4)2SiF6 and the conversion of 
(NH4)3ZrF7 to ZrF4. The whole process reaches completion at approximately 450°C. 
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The (NH4)3ZrF7 thermally decomposes to ZrF4 and NH4F, with ammonia (NH3) and hydrogen 
fluoride being released from the NH4F as further decomposition products. 
 
3.6.4 Zirconium tetrafluoride to zirconium  
 
The ZrF4 formed from all these routes still contains 1 – 3 wt. % hafnium as found originally 
in zircon. The hafnium has to be removed since nuclear grade zirconium metal requires the 
concentration of hafnium to be smaller than 100ppm. This can be done by sublimation.  The 
hafnium-free ZrF4 can then be reduced with magnesium in a plasma. Zirconium metal in the 
form of a fine powder is then obtained as the product. 
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CHAPTER FOUR 
 
EXPERIMENTAL TECHNIQUES 
 
4.1 Scanning Electron Microscopy 
The scanning electron microscope (SEM) is one of the most useful and valuable instruments 
available for the analysis of the surfaces of materials. The reason for this is due the high 
resolution and magnification that can be obtained when examining objects. Secondary 
electron (SE) images, which show topographic features of the specimen, are the most 
commonly used type. Backscattered-electron (BSE) images are principally used to reveal 
compositional variations (Reed, 2005). When used in conjunction with X-ray microanalysis, 
the SEM can deliver topographical as well as compositional information about the surface of 
the material. 
 
4.1.1 Basic operation and image formation 
 
The basic components of the SEM are the vacuum system, an electron gun, lens system, 
scanning coils to scan the beam along the sample surface, detectors, visual and recording ray 
tubes (CRTs), and the electronics associated with them as shown in Fig. 4.1. 
 
The vacuum system is required to remove most of the air molecules which will influence the 
electron beam. The purpose of the electron gun is to produce a beam of accelerated electrons 
which will be focused by the electromagnetic lenses. The electron beam never passes through 
the specimen and the image is formed electronically through rastering the beam across the 
specimen surface and measuring the intensity of electrons at each position of the beam. The 
scan coils are used to control the raster of the beam.  
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Fig. 4.1. A schematic of the basic operation of a SEM 
  (Scanning Electron Microscope, 2010). 
 
The electron beam is focused to a small spot on the surface of the specimen through the lens 
system and scanned across the specimen in a rectangular pattern. At each point during the 
scan, the intensity of the electrons is recorded and this intensity is mapped to the intensity of 
the pixel, corresponding to the position of the spot at that time, on the viewing screen in order 
to produce an image of the specimen surface. 
 
The sample under investigation is required to be electrically conductive. Non-conductive 
samples are thus carbon or gold coated, and mounted on the sample stage by either silver 
paste or carbon tape. 
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4.1.2 Electron-specimen interactions 
 
Electron bombardment of a sample is unique to microprobe analysis and produces a large 
number of effects in the target material as shown in Fig. 4.2. 
The electron-specimen interactions can be divided into two classes. 
1. Elastic scattering events affect the trajectory of the beam electrons inside the 
specimen without altering the kinetic energy of the electron. 
2. Inelastic scattering events of several types result in a transfer of energy from the beam 
electrons to the atoms of the specimen (Goldstein et al. 1992) 
 
 
Fig. 4.2. Electron-specimen interaction (Brydson, 2001). 
 
a) Backscattered electrons 
 
Back scattered electrons (BSE) are electrons that has been elastically scattered from the 
surface of the sample due to interactions with the incoming beam. These electrons are of very 
high energy and are scattered in the opposite direction to the incident beam. The production 
efficiency of BSE is proportional to the atomic number (Z) of the material which results in 
image contrast. The optimum resolution for BSE imaging is about 5.5nm. 
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b) Secondary electrons 
 
Secondary electrons (SE) are electrons that are ejected from the material due to inelastic 
interaction between the incident electrons and the loosely bound electrons from the samples. 
The energy of secondary electrons is typically 50eV or less and can only escape from areas 
near the surface of the samples. The intensity of the secondary electrons is detected by an 
Everhart-Thorley detector which is charged with a positive voltage to attract the low energy 
electrons (Ulery et al. 2008). Since the topography of the surface influences the number of 
electrons that reaches the detector, SE mode therefore creates the image contrast that reveals 
the surface morphology. The typical SE image resolution for a field emission SEM is on the 
order of ~2 nm at 1 keV and ~1 nm (Yao et al. 2007) 
 
4.2 X-ray analysis 
 
Chemical analysis in the scanning electron microscope is performed by measuring the energy 
and intensity distribution of the X-ray signal generated by a focused electron beam. 
During inelastic scattering of the beam electrons, X-rays can be formed by two distinctly 
different processes: 
1. The bremsstrahlung, or continuous X-ray process, or 
2. the inner-shell ionization process, which can lead to the emission of characteristic X-
rays. 
 
4.2.1 X-ray production 
 
Characteristic X-rays are generated when an electron from the electron beam interacts with a 
tightly bound inner-shell electron, knocking the atomic electron out of position and leaving a 
vacancy in that shell. The atom is left as an ion in an excited, energetic state and an electron 
from a higher energy shell falls into its place releasing a photon of energy equal to the 
difference in energy between its initial and final energy levels as shown in Fig. 4.3. The 
energy difference of the transition is unique to the element for their generation and the 
spectrum can thus be used to determine the composition of a given specimen.  
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Fig. 4.3. Illustration of inner shell ionization and de-excitation with X-ray emission (a) as 
well as an energy level diagram (b) distinguishing between different families of electron 
transitions producing characteristic X-rays (Goldstein et al. 1992). 
 
4.2.2 Energy and Wavelength Dispersive X-ray Spectrometry  
 
a) Energy Dispersive X-ray Spectrometry (EDS) 
 
Every element in a sample will emit an unique and characteristic pattern of X-rays when 
bombarded by the incident electrons. EDS is the measurement of the energy of the X-rays 
emitted. The EDS detector (shown in Fig. 4.4) are used to separate the characteristic X-rays 
of different elements in an energy spectrum typically contains a crystal that absorbs the 
energy of the incoming X-rays by ionization thus producing an electrical charge. The charge 
is then converted into a voltage signal by the field effect transistor (FET) preamplifier. 
Finally the voltage signal is input into the pulse processor for measurement (Oxford 
Instruments).     
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Fig. 4.4. Circuit diagram of the EDS detector (Silicon Drift Detectors Explained). 
 
b) Wavelength Dispersive X-ray Spectrometry (WDS) 
 
A wavelength dispersive spectrometer is an instrument used for detecting only the X-ray of 
wavelength that satisfies the Bragg condition (nλ = 2dsinθ, where λ is the X-ray wavelength, 
d is the interplanar spacing of the crystal, and θ is the angle of incidence of the X-ray beam 
onto the crystal), using an analysing crystal.  
 
The WDS goniometer as shown in Fig. 4.5 is configured so that the electron beam irradiating 
position on a specimen, analysing crystal and detector always stay on a virtual circle called 
the “Rowland circle” even when the analysing crystal is moved. The X-rays are then detected 
by a gas-filled type proportional counter. 
 
In practice, a single analysing crystal cannot detect all the X-rays within an elemental range 
from Be to U. Therefore crystals with different d values are selectively used as required.  The 
resolution of the WDS spectrometer is much better, typically <10eV compared to 150eV for 
EDS, which leads to a peak-to-background ratio at least 10 times higher for WDS (Goldstein 
et al. 1992)  and has a minimum detection limit (MDL) of up to 100ppm. 
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Fig. 4.5. Configuration of sample, analytical crystal and detector on the Rowland circle 
within the WD spectrometer (Geochemical Instrumentation and Analysis: Wavelength-
Dispersive Spectroscopy). 
 
4.3 Transmission Electron Microscopy   
 
4.3.1 Image formation 
 
The transmission electron microscope has become the premier tool for the microstructural 
characterization of materials (Fultz et al. 2002). The TEM can provide two separate kinds of 
information about a specimen – a magnified image, and a diffraction pattern. A transmission 
electron microscope typically consists of: an electron gun, a complex arrangement of 
electromagnetic lenses, apertures, a specimen stage, a fluorescent viewing screen and various 
other analytical attachments as shown in Fig. 4.6. 
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Fig. 4.6. A schematic of a TEM (Fultz et al. 2002). 
 
The electron gun of the electron microscope does not only emit electrons into the vacuum and 
accelerate them between the cathode and anode, but it is also required to produce an electron 
beam of high brightness and high temporal and spatial coherence. Below the electron gun are 
two or more condenser lenses which demagnify the beam emitted by the gun and control its 
diameter as it hits the specimen. An aperture is present between the condenser lenses 
(condenser aperture) which can be used to control the convergence angle.  
 
The role of the objective lens is to form the first intermediate image and diffraction pattern, 
one or other which is enlarged by the subsequent projector lenses and displayed on the 
viewing screen.  
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The first projector lens (often called the intermediate lens) can usually be switched between 
two settings, shown in Fig. 4.7(a) and (b). In the image mode, it is focused on the image 
plane of the objective, Fig 4.7(a). The magnification of the final image on the microscope 
screen is then controlled by the strength of the remaining projector lenses. In the diffraction 
mode the intermediate lens is focused on the back focal plane of the objective, Fig. 4.7(b) and 
the diffraction pattern is projected onto the viewing screen (Goodhew et al. 2001). 
 
 
Fig. 4.7. Ray diagrams of a TEM in (a) image mode and (b) diffraction mode (Goodhew et al. 
2001). 
 
4.3.2 Bright and Dark-Field imaging 
 
Fig. 4.7 (a) is a ray diagram for making an image with a conventional TEM. It is assumed 
that the illumination system provides rays that travel straight down the microscope before 
hitting the specimen. All transmitted and all diffracted rays leaving the specimen are 
combined to form an image at the viewing screen.  
 
Since each point in the back focal plane of the objective lens contains rays from all parts of 
the specimen not all of the rays in the back focal plane are required to form an image. An 
image can thus be formed with only those rays that pass through one point in the back focal 
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plane. The positioning of an “objective aperture” at a specific location in the back focal 
plane, will result in the formation of an image that is made with only those electrons that 
were diffracted by a specific angle. Two imaging modes can thus be defined: Bright-field 
(BF), Fig. 4.8(a) and dark-field (DF), Fig. 4.8(b) (Fultz et al. 2002). 
 
Bright-field (BF) 
 
In this mode the objective aperture is adjusted so that the transmitted beam is passed through. 
The background intensity of the image is high and defects appear darker than the 
surroundings.  
 
Dark-field (DF) 
 
In this mode the objective aperture is adjusted to allow through only one of the diffracted 
beams, the background intensity is low and any feature in the specimen that gives rise to the 
selected diffracted beam appears bright.  
 
The dark-field technique above is called the “dirty” dark-field technique. The proper way to 
make a high-resolution dark-field image is to tilt the incident illumination on the specimen. 
This axial dark-field imaging technique is illustrated in Fig. 4.8(c). 
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Fig. 4.8. Formation of a (a) bright-field, (b) “dirty” dark-field and (c) axial dark field mode 
(Fultz et al. 2002). 
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4.3.3 Diffraction and the Bragg Law 
 
Consider rays 1 and 1a in the incident beam as shown in Fig. 4.9. They strike atoms K and P 
in the first plane of atoms and are scattered in all directions. 
 
 
 
Fig. 4.9. Diffraction of X-rays by a crystal (Cullity, 1959). 
 
Only in the directions 1' and 1a', however, are these scattered beams completely in phase and 
capable of reinforcing one another since the difference in their length of path between the 
wave fronts XX' and YY' is equal to 
 
QK – PR = PKcosθ – PKcosθ = 0       (4.1) 
 
Similarly, the rays scattered by all the atoms in the first plane in a direction parallel to 1' are 
in phase and add their contributions to the diffracted beam. 
 
The condition for the reinforcement of rays scattered by atoms in different planes will now be 
investigated. 
Rays 1 and 2 are scattered by atoms K and L, and the path difference for rays 1K1' and 2L2' is 
 
ML + LN = d'sinθ + d'sinθ        (4.2) 
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Scattered rays 1' and 2' will be completely in phase if this path difference is equal to a whole 
number n of wavelengths, or if 
 
nλ  = 2d'sinθ          (4.3) 
 
This is known as the Bragg Law. n is called the order of reflection and it may take on any 
integral value. Thus for fixed values of λ and d', there may be several angles of incidence 
θ1,θ2,θ3 … at which diffraction may occur, corresponding to n = 1, 2, 3, … 
 
 
4.3.4 Diffraction in the TEM 
 
Fig 4.10(a) shows two sets of parallel rays leaving the specimen AA' in a two-stage projection 
microscope. Before forming the first image at BB', all rays parallel to the two single-arrowed 
rays will pass through the point D' and all rays parallel to the double arrowed rays will pass 
through D. For every set of parallel rays leaving the specimen there is a corresponding point 
in the plane DD'. If a viewing were to be put at DD' or EE' instead of at CC' a diffraction 
pattern would be seen instead of an image (Goodhew et al. 2001). 
 
 
Fig. 4.10. (a) Ray diagram of a two-stage projection microscope and (b) schematic diagram 
showing the geometry of diffraction pattern formation (Goodhew et al. 2001). 
 
In order to understand the geometry of electron diffraction, consider the ray diagram of Fig.  
4.10 (b). When electrons move in a TEM some will pass through the specimen without 
interaction, and hit the screen which is at a distance L from the specimen, at O. Other 
electrons are diffracted through an angle 2θ by the crystal planes of spacing d, and these 
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electrons hit the film at A, which is a distance r from O. From the geometry of the situation, 
we see that for small angles of diffraction 
 
 
 
              (4.4) 
 
Combining this with Bragg‟s law and the small-angle approximation, it is found that 
 
 
 
  
 
 
                                                                (4.5) 
 
As the camera length L and the electron wavelength λ are independent of the specimen, and 
are constant for the instrument, Lλ is thus called the camera constant. 
 
4.3.5 Reciprocal space, Bragg equation and Ewald sphere 
 
Electrons are charged particles whose paths are described by their associated probability 
amplitude. The wavelength, λ, of the electron is related to its momentum, p, by the de Broglie 
relation 
 
λ 
 
 
           (4.6) 
 
where h is Planck‟s constant. 
 
According to the de Broglie relation, a plane wave may be represented by its momentum 
vector p = hk where |k| = 
 
 
. Fig. 4.11(a) shows the incident wave, k, and diffracted wave, k'. 
Since a vector may be translated while maintaining its orientation, k' may be shifted so that 
its origin coincides with that of k as illustrated in Fig. 4.11(b).  
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Fig. 4.11. Illustration of (a) the incident and scattered wave and (b) definition of K' (Hirch et 
al. 1965). 
 
The vector K' can be written as 
 
K' = k' – k          (4.7) 
 
where |K'| = 
     
 
  
 
The reciprocal lattice unit cell is defined by the vectors a*, b*, c*, satisfying the relations 
 
a*·a = b*·b = c*·c = 1        (4.8) 
 
and                                 
                
a*·b = b*·c = c*·a = a*·c ……. = 0       (4.9) 
 
This means that a* is normal to b and c, i.e. normal to the plane containing b and c as 
illustrated in Fig. 4.12, and similarly for b* and c* (Hirsch et al. 1965) 
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Fig. 4.12. Relationship of axes of reciprocal lattice to those of space lattice (Hirch et al. 
1965). 
 
 
The following relationships can be defined for the reciprocal lattice: 
 
For orthogonal axes a*||a, b*||b and c*||c and  
 
|a*| = 
 
   
, |b*| = 
 
   
 and |c*| = 
 
   
       (4.10) 
 
.  
The reciprocal lattice vector 
 
ghkl = ha* + kb* + lc*        (4.11) 
 
is normal to the crystal lattice plane with Miller indices hkl, and  |ghkl| = 
 
    
, where dhkl is the 
spacing of these planes with indices hkl. 
 
A strong Bragg reflection occurs when K 'coincides with a reciprocal lattice vector 
 
K' = g = ha* + kb* + lc*        (4.12) 
 
Since |g| = 
 
    
, and |K'| = 
     
 
 we obtain the Bragg Law 
 
λ = 2dhklsinθ          (4.13) 
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for a strong reflection. 
 
The Ewald sphere construction: 
 
The most useful means to understand the occurrence of diffraction spots is the Ewald sphere. 
The Ewald sphere construction as illustrated in Fig. 4.13 demonstrates the relationship 
between the reciprocal lattice and the diffraction pattern. 
 
 
Fig. 4.13. The Ewald sphere construction (Goodhew et al. 2001). 
 
Construction of the Ewald sphere as explained by Goodhew et al. (2001): 
 The diffracting crystal is represented by its reciprocal lattice. 
 The electron beam is represented by a vector of length 1/λ  parallel to the beam 
direction, and terminating at the origin of the reciprocal lattice. 
 A sphere of radius 1/λ is drawn about A. 
 
As Fig. 4.13 is drawn, the Ewald sphere passes through a reciprocal lattice point a distance 
1/d from the origin. From geometry, we find that 
 
sinθ = 
       
   
  
 
  
         (4.14) 
 
or 
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λ = 2dsinθ               (4.15)            
 
i.e. Bragg‟s law is satisfied by this construction. 
Diffraction thus occurs when the Ewald sphere touches a reciprocal lattice point.  
 
4.3.6 Defects in crystals 
 
No crystal of significant size is perfect. Most crystals contain lattice defects. The three basic 
classes of defects will be discussed: 
 Point defects – atoms missing or irregular places in the lattice. 
 Linear defects (Dislocations) – group of atoms in irregular positions. 
 Planar defects – the interfaces between homogeneous regions of the material.  
 
4.3.6.1 Point defects 
 
Point defects are defects that occur only at or around a single lattice point. Point defects can 
either be intrinsic or extrinsic. 
 
Intrinsic defects arise as a result of the insertion of an atom from the parent lattice into a 
regular atomic position or the vacancy (absence) of an atom in an atomic site. This is 
depicted in Fig. 4.14. 
 
 
Fig. 4.14. Intrinsic defects, vacancy and interstitial (Hull et al. 1984) 
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Extrinsic point defects may be characterised as substitutional, where an atom of the parent 
lattice lying on a lattice site is replaced by an impurity atom, or interstitial, where the 
impurity is at a non-lattice site as shown in Fig. 4.15. 
 
 
Fig. 4.15. Extrinsic defects, substitutional and interstitial (Hull et al. 1984) 
 
4.3.6.2 Linear defects (Dislocations) 
Dislocations are linear defects that arise as a result of the misalignment of some of the atoms 
of the crystal lattice. The formation of a dislocation can be explained by considering the 
crystal shown in Fig 4.16.  Imagine a cut being made in the crystal and the resulting two sides 
are shifted with respect to one another by a translation vector of the lattice. The missing 
material is then filled in and the shifted surface of the cut may grow together in such a way 
that the cut is no longer discernable. Thus at the edge of the former cut surface, a line of 
strongly disturbed material remains. This line is known as the “dislocation line”. 
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Fig. 4.16. (a) A cut is made in a perfect crystal and the resulting two parts (b) are pulled 
apart by a translation vector of the lattice. (c) Missing material is added in and the result is 
an edge dislocation lying along the bottom of the inserted plane (Bollmann, 1970). 
 
4.3.6.3 Planar defects 
 
The most common types of planar defects are grain boundaries, stacking faults and twin 
boundaries. 
 
Grain boundaries 
 
Solid materials in general do not consist of periodic, regular arrangements of single crystals. 
Instead, solids generally consist of small crystallites or grains. These materials are known as 
polycrystals. Grain boundaries form when the crystallographic direction of the lattice 
abruptly changes. This occurs when two crystals start to grow separately and meet. Fig. 4.17 
is an illustration of a grain boundary. 
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Fig. 4.17. Illustration of grain boundaries between individual crystalline domains (Fahlman 
2011). 
 
Stacking faults 
 
A stacking fault is a planar defect in which the regular stacking of the layers of atoms within 
a crystal has been interrupted. Two types of stacking faults are possible, termed intrinsic and 
extrinsic. Intrinsic stacking faults form as a result of the removal of a layer in the regular 
stacking sequence, while extrinsic stacking faults is a consequence of the insertion of an extra 
layer between existing layers as shown in Fig. 4.18. 
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Fig. 4.18. The (a) intrinsic and (b) extrinsic staking faults (Hull et al. 1984). 
 
Twinning 
 
Twinning is a process in which the regular internal structure of a crystal is interrupted in such 
a way that two pieces of the crystal are related to one another by rotation of the axis or 
reflection in a mirror plane as depicted in Fig. 4.19. 
 
 
Fig. 4.19. Geometrical description of twinning in a crystal (Hull et al. 1984). 
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The open circles represent the position of the atoms before twinning and the filled circles 
after. The line x-y is termed the twin boundary with atoms above and below it mirror images 
of one another. 
 
4.4 Spectroscopic analysis 
 
4.4.1 Introduction 
 
In nature there exists a range of electromagnetic waves as shown in Fig. 4.20. The visible 
region of the spectra is by definition the radiation visible to the human eye, while the 
radiowave, microwave, infrared, ultraviolet, X-ray and γ-ray radiation are detected by 
specialised techniques.  
 
 
Fig. 4.20. The electromagnetic spectrum (Kaiser, 2009) 
 
The nature of the various radiations shown in Fig. 4.20 has been interpreted by Maxwell‟s 
classical theory of electro- and magneto-dynamics, hence the term “electromagnetic 
radiation”. According to this theory, radiation is considered as two mutually perpendicular 
electric and magnetic fields, oscillating in single planes at right angles to each other. These 
fields are in phase and are being propagated as a sine wave, as shown in Fig. 4.21. The 
magnitudes of the electric and magnetic vectors are represented by E and B, respectively 
(Stuart, 2004). 
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Fig. 4.21. Representation of a sinusoidal, linearly polarized plane electromagnetic wave 
(Stuart, 2004) 
 
It was discovered that the velocity of propagation in a vacuum is constant for all regions of 
the electromagnetic spectrum. This velocity has a value of 3 x 10
8
 m/s, and is known as the 
speed of light, c. If one complete wave travelling a fixed distance and each cycle is 
visualised, it may be observed that the velocity of this wave is the product of the wavelength, 
λ (the distance between adjacent peaks), and the frequency, υ (the number of cycles per 
second). Therefore: 
 
c = λυ           (4.16) 
 
Electromagnetic radiation could be regarded as a stream of particles (or quanta), as works of 
Einstein, Plank and Bohr suggests. The energy of this stream is given by the Bohr energy 
equation, 
 
E = hυ           (4.17) 
 
where h is the Planck constant (h = 6.626 x10
-34
 Js). 
 
Processes of change can be represented in terms of quantized discrete energy levels E0, E1, 
E2, etc., as shown in Fig. 4.22. Each atom or molecule in a system must exist in one or other 
of these levels. Whenever a molecule interact with radiation, a quantum of energy (or photon) 
is either emitted of absorbed. In each case, the energy of the quantum of radiation must 
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exactly fill the gap E1-E0 or E2-E1, etc. The energy of the quantum is related to the frequency 
by the following: 
 
ΔE = hυ          (4.18) 
 
Hence, the frequency of emission or absorption of radiation for the transition between the 
energy state E0 and E1 is given by: 
 
   
  -     
 
          (4.19) 
 
 
Fig. 4.22. Quantised discreet energy levels (Stuart et al. 1996). 
 
The interaction between a photon with a molecule can yield three phenomena: 
 
Absorption – This occurs when the photon energy corresponds to the difference between two 
stationary energy levels of the molecules; 
 
Emission – Occurs from the excited molecule, after a time equal to the lifetime of the 
molecule in the initial excited level or a longer time. The energy of the photon emitted also 
corresponds to the difference between two stationary energy levels of the molecule; 
 
Scattering - Is a result of the interaction between a photon and molecule when the photon 
energy does not correspond to the difference between any two stationary energy levels of the 
molecule.  
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4.4.2 Infrared spectroscopy 
 
4.4.2.1 Theory 
 
Infrared spectroscopy is a technique based on the vibrations of the atoms of a molecule. A 
molecule can be regarded as a system of masses joined by bonds with spring-like properties 
as shown in Fig. 4.23. Radiation is passed through the sample which allows its molecules to 
vibrate at a certain frequency. An infrared spectrum is thus obtained by measuring what 
fraction of the incident radiation were absorbed or transmitted at a particular energy. The 
energy at which any peak in an absorption spectrum appears corresponds to the frequency of 
a vibration of a part of a sample molecule (Stuart, 2004). 
 
Fig. 4.23. Analogy of a molecule. Masses m1 and m2 represent the atomic masses of the 
molecules while spring represents the force that holds the molecule together. 
 
The average translational kinetic energy of molecules in the x, y and z direction is given by, 
 
KTrans = 
 
 
 mv
2
 = 
 
 
m(vx
2
+vy
2
 + vz
2
) =  
 
 
 kT + 
 
 
 kT+ 
 
 
 kT = 
 
 
 kT   (4.20) 
 
This is called the equipartition theorem. This theorem concerns not just translational kinetic 
energy but all forms of energy for which the formula is a quadratic function of a coordinate 
of velocity component. Each such form of energy is called a degree of freedom. 
 
A monotomic molecule like helium and argon only has translational motion, so each 
molecule has three degrees of freedom. Diatomic molecules have three degrees of freedom 
but can also rotate about two different axes and can also vibrate as if the two atoms were held 
together by a spring. 
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Molecules can vibrate in a variety of ways: stretching, bending, deformation, rocking, 
wagging and twisting. Fig. 4.24 illustrates some of the vibrational modes that molecules 
experiences. 
 
  
Fig. 4.24. Vibrational modes that molecules experience (Stuart, 2004) 
 
Two other concepts are also used to explain the frequency of vibrational modes. These are the 
stiffness of the bond and the masses of the atoms at each end of the bond. The stiffness of the 
bond can be characterised by a proportionality constant termed the force constant, k. The 
reduced mass (μ) provides a useful way of simplifying calculations, and may be expressed as 
follows: 
 
 
 
 = 
 
  
 + 
 
  
          (4.21) 
 
=> Μ = 
    
     
         (4.22) 
 
The equation relating force constant, reduced mass and the frequency of absorption is as 
follows: 
 
υ = 
 
 
 π√
 
 
          (4.23) 
 
A molecule can only absorb radiation when the incoming infrared radiation is of the same 
frequency as one of the fundamental modes of vibration of the molecule (Stuart et al. 1996). 
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4.4.2.2 FTIR Spectrometers 
 
Fig. 4.25 is a schematic presentation of the basic components of a Fourier-transform infrared 
(FTIR) spectrometer. The infrared source emits a broad band of different wavelengths of 
infrared radiation. The infrared radiation goes through an interferometer that modulates the 
radiation. The modulated infrared beam passes through the sample. The intensity of the 
infrared is detected by the detector, upon which amplification of the signal takes place. The 
data is then converted to digital form by an analog-to-digital converter and transferred to the 
computer for Fourier-transformation. 
 
 
 
Fig. 4.25. Components of a FTIR spectrometer (Stuart et al. 1996). 
 
The most common interferometer used is the Michelson interferometer as shown in Fig. 4.26. 
The light from a source is divided by a 50% beam splitter oriented at 45° to the beam. The 
transmitted beam travels to the moving mirror where it is reflected back to the beam splitter. 
50% of the returning beam is deflected by 90° at the beam splitter. The reflected beam travels 
to the stationary mirror where it is reflected. Again 50% of it then passes straight through the 
beam splitter. The two beams returning to the beam splitter recombines and interferes. The 
FTIR spectrometer detects the beam that emerges from the interferometer at 90° to the input 
beam; this beam is called the transmitted beam. 
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Fig. 4.26. A schematic of the basic components of a Michelson interferometer (Stuart, 2004). 
 
4.4.2.3 FTIR-ATR (Attenuated Total Reflectance) 
 
4.4.2.3.1 Theory 
 
ATR is a technique used in conjunction with infrared spectroscopy which requires little or no 
sample preparation for most samples. The FTIR-ATR technique combines the power of IR 
spectroscopy with the optics of attenuated reflection (Mattos et al. 2009). ATR occurs when 
radiation propagating in an optically dense medium (with high refractive index) undergoes 
total internal reflection at an interface of a less-dense medium (with lower refractive index) 
upon entering the medium at an angle greater than the critical angle of the less-dense 
medium.  
 
An attenuated reflection accessory operates by measuring the changes that occur in a totally 
internally reflected infrared beam when the beam that is directed onto an optically dense 
crystal comes into contact with the sample as shown in Fig. 4.27. This internal reflectance 
creates an evanescent wave that typically is at a depth of 0.5 to 5μm beyond the ATR crystal 
surface and into the sample. The ATR crystal is usually made of Ge, Si, ZnSe or diamond. 
Good contact between the sample and crystal is thus essential. In the infrared spectrum 
regions, where the sample absorbs energy, the evanescent wave will be attenuated or altered. 
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The attenuated energy from each evanescent wave is passed back to the IR beam, which then 
exits the opposite end of the crystal and is passed to the detector in the IR spectrometer. The 
system then generates an infrared spectrum (Technical Note: FTIR Spectroscopy).  
 
 
Fig. 4.27. Illustration of a multiple reflection ATR system (Technical Note: FTIR 
Spectroscopy). 
 
4.4.2.4 Partial Least Squares Method (PLS) 
 
Partial least-squares (PLS) modelling is a powerful tool that is applied to the quantitative 
analysis of ultraviolet, infrared, chromatographic and electrochemical data (Haaland et al. 
1988). The aim every quantitative analytical multivariate calibration technique is to 
determine a system property Y quantitatively from a measured system parameter X. During 
calibration, a correlation between X and Y is searched for. This correlation is described by: 
 
Y = X·b          (4.24) 
 
where b is the calibration function, often called the “regression coefficient”. By connecting 
the calibration model to the measured parameter X, the system property Y of the unknown 
sample is determined. 
 
In case of quantitative analysis of infrared or Raman spectra, the measured value is typically 
an absorption or emission spectrum, and the system value to determine is the concentration of 
the analyte (Multivariate Calibration, 2006).  
 
In order to carry out a PLS regression for a given system, the information of the substance 
spectra must be compared to the corresponding concentration values. A large number of 
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samples thus need to be analysed. The PLS algorithm finds principal components from 
spectral data that are also relevant to analytic concentration. Specifically, PLS regression 
searches for a set of factors (latent variables) that performs a simultaneous decomposition of 
spectral data and analytic concentration with the constraint that these factors explain as much 
as possible the covariance between spectral information and analyte concentrations 
(Venkatesan et al. 2011). 
 
4.4.3 Raman spectroscopy 
 
4.4.3.1 Theory 
 
The Raman effect is a direct consequence of interaction between a molecule and a photon of 
visible light with an energy distinctly lower than the energy difference between the first and 
ground electronic levels in the molecule.  
 
The Raman effect which is a scattering effect is a two-photon process that cannot be 
experimentally separated into two single-photon steps of absorption and emission. The 
energy levels shown in the Fig. 4.28 by a dashed line are non-stationary (virtual) levels of the 
molecule.  At room temperature, most molecules, but not all, are present in the lowest energy 
vibrational level. Since the virtual states are not real states of the molecule but are created 
when the laser interacts with the electrons and causes polarization, the energy of these states 
is determined by the frequency of the light source used. The Rayleigh process will be the 
most intense process since most photons scatter this way. It does not involve any energy, hυ0, 
change and consequently the light returns to the same energy state (Smith et al. 2005). The 
Raman scattering process from the ground vibrational state leads to absorption of energy by 
the molecule and its promotion to a higher energy excited vibrational state. This is called 
Stokes scattering and is accompanied by a decrease in energy hυR(St) (Raman Stokes 
scattering). However, due to thermal energy, some molecules may be present in an excited 
state. Scattering from these states to the ground state called anti-Stokes scattering and is 
accompanied by an increase in energy hυR(aSt) (Raman anti-Stokes scattering) of the initial 
photon (Baranska et al. 1987 and Smith et al. 2005). 
 
 
 
62 
  
 
Fig. 4.28. Rayleigh , Raman Stokes and Raman anti-Stokes scattering. (0) Denotes the 
ground electronic state and (1) denotes the first excited electronic state. (ν) Indicates 
vibrational energy levels  (Baranska et al. 1987). 
 
4.4.3.2 Instrumentation 
 
A basic diagram of a Raman spectrometer is shown in Fig. 4.29. The radiation from a 
mercury lamp (1) passes through a filter (2). The monochromatic light obtained in this way is 
used for illuminating the sample (3). The scattered radiation is observed at an angle of 90° to 
the incident beam. It is dispersed by a glass prism (4) and registered on a photographic plate 
(5).  
 
The resulting spectrum consists of a very strong line corresponding to the incident radiation 
wavelength, Rayleigh scattering, and of weak and very weak Raman scattering bands 
distributed symmetrically on both sides of that line. The frequency of those bands with 
respect to the Rayleigh line is characteristic and constant for the given substance and is 
independent of the incident band frequency. 
 
Raman spectra allow the identification of molecules and the study of their structure, the 
characterization of chemical reactions, and the determination of some thermodynamic 
functions as well as qualitative and quantitative analysis of molecular systems (Baranska et 
al. 1987). 
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Fig. 4.29. (a) A diagrammatic representation of one of the first Raman spectrographs. (b) 
Raman spectrum registered on photographic plate. (Baranska et al. 1987). 
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4.4.4 X-ray Diffraction 
 
4.4.4.1 Background 
 
X-ray diffraction occurs when X-rays interact with a crystal. Diffraction occurs whenever 
electromagnetic waves encounter a set of regular space scattering objects, provided that the 
wavelength of the wave motion is of the same order of magnitude as the repeat distance 
between the scattering centres. A diffracted beam may be defined as a beam composed of a 
large number of scattered rays mutually reinforcing one another (Cullity, 1959). 
 
4.4.4.2 Diffractometer 
 
A basic schematic of a diffractometer is shown in Fig. 4.30. X-rays are emitted from the 
source (S), the line focal spot on the target T of the X-ray tube. X-rays diverge from the 
source and are diffracted by a specimen C. The X-rays diffracted from the sample form a 
convergent diffracted beam which comes to a focus at the slit F and then enters the counter 
G. Slits A and B define and collimate the incident and diffracted beams. As the sample and 
detector are rotated according to the goniometer design and configuration, the intensity of the 
reflected X-rays is recorded.  
 
When the geometry of the incident X-rays impinging the sample satisfies the Bragg equation 
(refer to section 4.3.3) constructive interference occurs and a peak in intensity occurs. The 
geometry of an X-ray diffractometer used in this study is such that the sample rotates in the 
path of the collimated X-ray beam at an angle θ while the X-ray detector is mounted on an 
arm to collect the diffracted X-rays and rotates at an angle of 2θ which may be read on the 
scale K. E and H are the supports for the detector and sample respectively. 
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Fig. 4.30. A schematic of a X-ray diffractometer (Cullity, 1959). 
 
 
4.4.4.3 Applications 
 
Applications of X-ray diffraction include the investigation of arrangements of atoms and 
molecules in various phases and in sub-microscopic structures which are assemblies of 
molecules. Biologists use X-ray diffraction to determine the arrangement of molecules in 
such complicated and diverse systems as muscle, viruses and cell membranes (Hukins, 1981). 
Other applications include: 
 characterization of crystalline materials 
 identification of fine-grained minerals such as clays and mixed layer clays that are 
difficult to determine optically 
 determination of unit cell dimensions 
 measurement of sample purity 
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4.4.4.4 Rietveld refinement 
 
A polycrystalline powder can be represented in reciprocal space as a set of nested spherical 
shells positioned with their centres at the origin, as shown in Fig. 4.31 (Dinnebier et al. 
2008). X-ray powder diffraction patterns are often plagued by peak overlap problems, 
dependent on the number and structural complexity of the crystallographic phases found in 
the specimen (Clearfield et al. 2008). 
 
 
 
Fig. 4.31. Reciprocal space construction for a powder diffraction experiment (Dinnebier et 
al. 2008) 
 
Since a powder diffraction pattern is a set of peaks, some of which may overlap, 
superimposed on a smooth slowly varying background, the Rietveld refinement is a very 
complex curve fitting technique that refines parameters from a theoretical profile until it 
matches the measured profile. The Rietveld method is applied as a tool for X-ray diffraction 
pattern analysis and is useful in the microstructural characterization and verification of the 
qualitative phase composition as well as the estimation of the phase abundance in multiphase 
material (Dercz et al. 2006).  
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CHAPTER FIVE 
 
EXPERIMENTAL PROCEDURE 
 
5.1 Samples 
 
South African zircon mined at the Namakwa Sands project was used in this study. The PDZ 
material as supplied by the South African Nuclear Energy Corporation (NECSA) was 
produced using a non-transfer arc plasma system. The process involved the injection of a 
stream of zircon concentrate through a plasma so that the zircon particles rapidly melt 
followed by the quenching with air to solidify the zircon, thus producing plasma dissociated 
zircon (PDZ).  
 
PDZ with different percentage dissociation was investigated in this study, namely 82 %, 90 
%, 95.2 % and 100 % dissociated zircon as determined by X-ray diffraction. NECSA 
supplied the PDZ material as well as a zircon reference material. The different percentages 
zircon was achieved by applying a slower feed rate of the zircon through the plasma system, 
which resulted in a higher percentage dissociation of the PDZ material. 
 
5.2 Specimen Preparation 
 
5.2.1 SEM, EDS and WDS 
 
The samples were embedded in a Technovit 4004 cold curing resin into cylindrical-shaped 
moulds and allowed to cure for one hour. The blocks were then polished using a Buehler Beta 
polisher-grinder by placing a moist 30 μm, followed by a 9 μm, grinding pad on the rotational 
polisher base. The grinding continued until no severe scratches were evident on the sample 
surface, when examined using a light microscope. Successive polishing steps were repeated 
using a 9 μm polishing pad in conjunction with Akasel DiaDoublo 9 μm, a “self lubricating 
monocrystalline diamond suspension”. Successive polishing steps were repeated using 6, 3 
and 1 μm polishing pads in conjunction with the corresponding diamond suspension. The 
samples were then carbon coated using a Emitech K950X coater, to make the surface 
conductive.  
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5.2.2 TEM 
 
Material for the analysis in the transmission electron microscope (TEM) was prepared from a 
suspension of finely powdered material in ethanol and placed in an ultrasonic water bath to 
ensure a uniform dispersion of particles. The fine powder was then collected on a 3 mm 
diameter carbon coated copper grid.  
 
5.2.3 Infrared spectroscopy 
 
The samples analysed by infrared spectroscopy were prepared by mixing 2 mg of the material 
with 108 mg potassium bromide (KBr) and grinding it to a fine powder in a mortar and 
pestle. The powder was then sandwiched between two stainless steel disks which were 
transferred onto a pistol in a hydraulic press. The powder was then compressed for fifteen 
minutes into a thin pellet.  
 
5.2.4 FTIR-ATR, Raman spectroscopy and X-ray diffraction 
 
No sample preparation was required.  
  
5.3 Analysis 
 
5.3.1 SEM, EDS and WDS 
 
A JEOL JSM 7001F equipped with a Field Emission Gun (FEG) scanning electron 
microscope was used to obtain backscattered images and to perform quantitative analysis. 
Attached to the SEM is an Oxford EDS spectrometer, Oxford WDS spectrometer and a HKL 
EBSD detector. The sample stage height was adjusted to a working distance of 10 mm. An 
accelerating voltage of either 10 kV or 15 kV was selected, depending on which provided the 
best contrast. The accelerating voltage used for the EDS analysis were chosen in such a way 
that it is at least 1.5-2 times greater than electron binding energy of the typical impurities 
present in the material. During the collection of the spectra, high X-ray count rates and an 
optimum dead time of approximately 30-40 % were maintained. WDS analysis were 
performed at accelerating voltages of 15 and 20 kV. 
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5.3.2 TEM  
 
A JEOL JEM 2100 LaB6 TEM operated at an accelerating voltage of 200 kV was used in this 
investigation. Simulations of the fast Fourier transforms (FFT) obtained from the TEM were 
performed using the Java Electron Microscope Software (JEMS) developed by Stadelmann 
(Stadelmann P., 2004). 
 
5.3.3 Infrared spectroscopy 
 
The infrared spectra were recorded using a Nicolet Magna-IR spectrometer 550, 633 nm, 
1mW HeNe laser in the 4000-200 cm
-1
 range. 
 
5.3.4 FTIR-ATR 
 
The FTIR-ATR spectra for the PSL calibration were recorded using a Bruker Vertex 70 
FTIR, 633 nm, 1mW HeNe laser in the 4000-550 cm
-1
 range. PLS calibration methods and 
PLS regression analysis were used on the FTIR spectra in order to determine the percentage 
of dissociated zircon in each sample. The true percentage as determined by XRD of 
dissociated zircon for each sample was entered into the software package spreadsheet before 
calibrating the FTIR spectra. The software analysed the spectra and determined the areas of 
best correlation by means of an algorithm.  
 
5.3.5 Raman spectroscopy 
 
Raman spectroscopy measurements were performed at room temperature on a Bruker RAM 
II FT-Raman-Modul.  A calcium fluoride beam-splitter and radiation of 1064 nm from an Nd: 
YAG laser was used for the excitation laser. The spectra were recorded with a laser power of 
up to 200 mW. 
 
5.3.6 X-ray diffraction 
 
X-ray diffraction patterns of the samples packed in a glass holder were recorded at room 
temperature with CuKα radiation with a nickel filter in a Bruker D8 diffractometer. 
Diffraction intensity was measured between 5 and 70°, with a 2θ step of 0.02 degrees/sec. 
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The X-ray diffraction patterns were refined using the Rietveld technique using the TOPAS 
Rietveld Analysis software. 
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CHAPTER SIX 
 
RESULTS AND DISCUSSION 
 
In this chapter, the results obtained for the experiments which had been conducted in this 
work are provided, including a discussion of each. The chapter is divided into sections 
corresponding to each experimental technique used. 
 
6.1 Scanning electron microscopy 
 
Using a scanning electron microscope (SEM) equipped with a back-scattered electron (BSE) 
detector to provide atomic number imaging contrast, the regions where the zircon 
dissociation has and has not taken place could clearly be identified. The morphology and 
shape of the zirconia crystals ranged from large branching-like structures which are called 
spherulites to small spherical shaped droplets.  
  
The formation mechanism of zirconia and the microstructure of PDZ have been previously 
been investigated (McPherson et al. 1984 and Evans et al. 1980). The results obtained in this 
study will be discussed on the basis of the results presented in these papers. 
 
6.1.1 Spherulites 
 
When zircon is heated to temperatures exceeding 1687°C, it starts to dissociate. A liquid 
phase (silicon rich) starts to form and zirconia clusters (nuclei) also forms. A SEM BSE 
micrograph consisting of two distinct zones (A and B) within a partially formed PDZ grain is 
shown in Fig. 6.1. Zone A consists of undissociated zircon, while zone B contains two 
distinct phases namely zirconia (bright) and silica (dark). 
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Fig. 6.1. BSE micrograph of partially PDZ material. 
 
When the dissociated zircon is heated to temperatures below the melting point of zirconia, 
2700°C, and cooled at a slow rate, the zirconia nuclei (particles) which are in the tetragonal 
and/or cubic phase at that moment will start to form non-crystallographic branching arms that 
extend in all directions. These particles are called spherulites. Surrounding the spherulite and 
between the branches is the glassy silica. Fig. 6.2 shows a PDZ particle consisting entirely of 
zirconia spherulites in a silica matrix. 
 
73 
  
 
Fig. 6.2. BSE micrograph of PDZ material showing the spherulite growth morphology. 
 
Spherulites have the monoclinic crystal structure which is the stable structure for zirconia at 
low temperatures (< 1180°C).  
 
The formation of the spherulites can be discussed in terms of the ZrO2-SiO2 phase diagram, 
Fig. 3.3, based on the work of Butterman et al. (1967). The zirconia is predominantly found 
to have the tetragonal and cubic crystal structure immediately after the zircon has passed 
through the plasma due to the temperature of the plasma reaches up to 10,000°C. The 
quenching of the tetragonal and cubic zirconia particles forces its structure to change to the 
monoclinic phase. The structural change from cubic or tetragonal to monoclinic results in 
volume and shear strain increases due to the difference in the lattice parameters of these 
different structures. The tetragonal to monoclinic zirconia phase transformation typically 
undergoes an 8% shear strain and 3-5% volume increase (Lange, 1982). 
 
At the centre of most of these spherulites exists a spherical nucleus, which nucleated from the 
molten zircon. The branches extending from this nucleus increase in frequency and decrease 
in width as the radius of the spherulite increases. Spherulites grow in all directions and the 
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growing process can continue until spherulites meet producing an interconnecting network, 
but in other others spherulitic growth stops producing compact spherulites. 
 
The formation and growth pattern of spherulites has been explained by Goldenfeld (1987) 
and Keith et al. (1963) as the growth of a crystal associated with a drastic modification of the 
crystalline habit. According to Keith et al. (1963) all the impurities that were initially present 
in the melt (zircon in this case) are rejected preferentially from the growing crystal (zirconia). 
The concentration of impurities on the liquid side (silica phase) of the interface builds up to 
higher than its average value for the melt as a whole. The impurities thus form a boundary-
layer ahead of the solidification front. 
 
The thickness of this impurity layer is given by 
 
δ = 
 
 
           (6.1) 
 
where D is the diffusion coefficient and G is the growth rate. 
 
Studies investigating the growth and form of spherulites (Keith et al. 1963 and Granasy et al. 
2005) found that for relatively large values of δ the spherulites branch to a limited extent 
only, which gives rise to spherulites with very open textures. When crystallized at a high 
quench rate, smaller δ, spherulites form with much more finer texture and the branching 
becomes more profuse to give compact spherulites.  
 
Two types of zirconia spherulitic patterns were observed, namely category 1 and 2 
spherulites. Spherulites that grow radially from the nucleation site and branch intermittently 
to maintain a space filling are known as category 1 spherulites as shown in Fig. 6.3. In 
contrast, category 2 spherulites grow initially as thread-like fibres, subsequently forming new 
grains at the growth front.  This branching of the crystallization pattern ultimately leads to a 
crystal „sheaf‟ that increasingly splays out during growth. At longer times, these sheaves 
develop two „eyes‟ on each side of the primary nucleation site. Ultimately this type of 
spherulite settle down into a spherical growth pattern, with eye structures apparent in its core 
region. Fig. 6.4 shows a BSE micrograph of category 2 spherulites.  
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Fig. 6.3. BSE micrograph showing category 1 spherulites in the PDZ material. 
 
 
Fig. 6.4. BSE micrograph showing category 2 spherulites in the PDZ material. 
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The impurities and excess silica rejected from the zirconia accumulates ahead of the growing 
interface to form a thin layer of high viscosity (low D) liquid. The size to which the spherulite 
grows is dependent on the thickness (δ) of this of this liquid which in turn is dependent on its 
temperature and composition (controlling D) and the crystal growth rate (G).  
 
  
A slow quench will result in the viscosity of this liquid to be low, thus the silica will remain 
in a molten state for a long time. This will decrease the thickness of the surrounding liquid 
which allows the zirconia branches to move freely through the silica rich liquid. The end 
result will be the formation of relatively large, interconnecting spherulites. 
 
A slightly higher cooling rate will result in the formation of thicker silica rich liquid due to 
the increase in its viscosity. The silica liquid solidifies more rapidly as a result of the more 
rapid decrease in temperature. This will inhibit the growth of the zirconia branches, which 
results in the formation of small and compact spherulites. 
 
The formation of spherulites arises from the nucleation of zirconia from the molten zircon 
during quenching. For spherulites to be formed it is necessary that the molten zircon should 
be quenched at a relatively slow rate to allow the zirconia nuclei to be transformed from the 
cubic or tetragonal to the monoclinic phase.  
 
The increased branching of the spherulites results in the reduction of the temperature of the 
zirconia nuclei and it eventually reaches a state where growth effectively ceases and it 
solidifies.  
 
6.1.2 Droplet shaped zirconia 
 
For spherulites to form it is necessary that the zirconia particle that nucleated from the molten 
zircon be fairly large. Some nucleated particles however are small and it is these particles that 
retain their cubic and tetragonal crystal structure even at room temperature. Due to the small 
surface area and high heat transfer rate of these particles, spherulization is prevented and thus 
particles retain their droplet shape. Fig. 6.5 is an SEM BSE micrograph illustrating the 
droplet shaped zirconia crystals. 
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Fig. 6.5. BSE micrograph of PDZ material, showing droplet zirconia crystals.  
  
 
To understand the formation of these particles it is necessary to analyse the modified ZrO2-
SiO2 phase diagram as illustrated in Fig. 6.6. 
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Fig. 6.6. Modified phase diagram for the zirconia–silica system (Evans et al. 1980) 
 
Fig. 6.6 shows the existence of a miscibility gap with a consolute point at approximately 55 
wt. % silica and 2430°C. It can be seen that from the phase diagram that molten zircon would 
enter the region of liquid immiscibility or the miscibility gap if it was quenched in a rapid 
way as to prevent the nucleation of the zirconia crystals from the molten zircon. The end 
result will be the formation of zirconia-rich liquid droplets and a silica-rich liquid. This is 
known as the liquid-liquid phase separation. 
 
The zirconia-rich liquid would rapidly reject any silica present and crystalize into spherical 
and droplet microstructures as seen in Fig. 6.5. The silica rich liquid undergoes phase 
separation as well, producing a dispersion of zirconia-rich droplets in the silica glass.  
 
Analysis done by McPherson et al. (1984) and Ai Ming Wong et al. (1981) found that 
zirconia particles formed via liquid-liquid phase separation has the monoclinic and tetragonal 
crystal structures. The tetragonal particles were found to be extremely small (< 20 nm). 
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The fact that the zirconia is present in the tetragonal form rather than transforming to the 
equilibrium monoclinic form is a result of crystallite size and surface energetics. 
 
6.1.3 Crystallite size effects and surface energetics 
 
Zirconia crystals, which have dissociated out of the zircon, possessing a small surface area 
retain the tetragonal crystal structure. Due to the high heat transfer rate these small zirconia 
particles possess no volume increase occurs. 
 
A study by Garvie (1965) has shown that the tetragonal and monoclinic phases are in 
equilibrium at 300°C when the crystallite size is about 30nm. If the two phases are in 
equilibrium at the critical size of 30 nm in diameter, then their free energies must be equal. 
This is expressed in the equation 
 
Gm + γmAm = Gt + γtAt         (6.2) 
 
where G = the molar free energy of zirconia in the form of a large single crystal (J/mole); γ = 
the surface energy (J/cm
2
); A = the molar surface (cm
2
/mole). The subscripts m and t refer to 
the monoclinic and tetragonal phases respectively. 
 
The above equation states that there is a difference in the surface free energy of monoclinic 
and tetragonal zirconia; the surface energy of the former structure is greater than the latter. 
This difference in surface energy, when associated with a large value of the molar surface, 
causes the molar free energies of the two structures to be equal when the crystallite size is 
about 30 nm. Hence the formation of the tetragonal phase at room temperature is possible. 
Likewise Tsunekawa et al. (2003) found that the critical size for the stabilization of cubic 
zirconia is about 2 nm at room temperature. 
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6.1.4 Thermal gradient in the PDZ particles 
 
There exists a temperature gradient in the zirconia particles that nucleate from the molten 
zircon. The PDZ cools faster along the boundaries/edges while the centre cools at much 
slower rate.  Due to the existence of this thermal gradient spherulites and large zirconia nuclei 
tends to form in the centre of the PDZ grain while the smaller zirconia particles are mostly 
found along the boundaries as shown in Fig. 6.7. 
 
 
Fig. 6.7. BSE micrograph showing spherulite formation at the centre and small droplet 
zirconia at the boundary of the PDZ material. 
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6.2 Energy dispersive X-ray spectrometry of PDZ  
 
Energy dispersive X-ray spectrometry (EDS) is an analytical technique used to perform 
quantitative (determination of the concentrations of the elements present) analysis on a 
sample. EDS makes use of the X-ray spectrum emitted by a solid sample bombarded with a 
focused beam of electrons to obtain a localized chemical analysis. All elements from atomic 
number 4 (Be) to 92 (U) can be detected. However EDS has in general a detection limit of 0.1 
weight percentage (wt. %) (Brundle et al. 1992) depending on the element and sample matrix 
interaction. EDS can thus not be used to quantify trace amounts present in a sample.  
 
Compositional characterization of the zirconia in the PDZ material is of utmost importance as 
the presence of impurities is detrimental to the physical properties of zircaloys. The results 
obtained using SEM-EDS on the various regions on the PDZ material will now be discussed. 
 
The results presented in this study were obtained from the different phases of the PDZ 
material. Fig. 6.8 shows typical EDS spectra of the different phases of the PDZ material. 
Table 6.1 gives a listing of all the identifiable impurities present in the different phases of the 
PDZ material. The presence of carbon in all the EDS spectra is a result of the carbon that was 
coated on the surface of the sample. 
 
 
(a) 
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(b) 
 
 
(c) 
Fig. 6.8. Typical EDS spectra of the (a) zircon, (b) zirconia and (c) silica phases. 
 
Table 6.1.  SEM-EDS impurity analysis of the PDZ material (weight percentage) 
 Al Fe Ca Ti Hf 
Undissociated zircon 1.9±0.4 <0.1* 1.1±0.2 1.8±0.6 1.1±0.3 
Dissociated zirconia phase 0.3±0.2 <0.1* ND 0.4±0.2 1.6±0.3 
Dissociated silica phase 1.8±0.5 0.5±0.2 1.1±0.3 ND ND 
    * = minimum detection limit (mdl) 
ND = Not detected  
 
Zirconium is always bonded with aluminium, calcium, iron, silicon, titanium, thorium, 
uranium and oxygen to form different zirconium bearing minerals in nature. Hafnium is 
always found with zirconium due to their similarities. This is thus the reason for the presence 
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of the aluminium, titanium, calcium, iron and hafnium impurities present in zircon as can be 
seen in Table 6.1. 
 
From Table 6.1 it can be concluded that the majority of impurities that are initially present in 
the zircon segregates to the silica phase during dissociation, however hafnium and titanium 
segregated to the zirconia phase during the dissociation process. This result is direct 
confirmation of the theory of Keith et al. (1963), which postulates that as the zirconia crystal 
growth takes place all the impurities and silica present in the zirconia are ejected from the 
zirconia and it then diffuses into the surrounding silica liquid during the cooling of the 
dissociated zircon. The hafnium present in the zirconia will not be ejected out due to the 
nature and relationship between the zirconium and hafnium atoms. 
 
The hafnium concentration is higher than the standard specification for nuclear grade 
zirconium metal (100 ppm) (Li et al. 2011), but it can be lowered to the required amount by 
several intermediate chemical processes. 
 
During the dissociation process, impurities initially present in zircon will be localised to 
either the silica or the zirconia phase. This is clearly evident with the iron content. Iron was 
detected in the undissociated zircon and zirconia phase, however the amount was below the 
minimum detection limit of EDS (0.1 wt. %) as a result it is not quantified in the table. The 
iron was however found to segregate to the silica phase after dissociation and as a result of 
the localisation of the iron it was possible for its content to be measured by EDS. The results 
for the uranium and thorium will be discussed in the section 6.3. 
 
In Table 3.1, the X-ray fluorescence (XRF) results of zircon and PDZ are presented, which 
shows no significant difference in the chemical composition of the zircon and PDZ. XRF is a 
non-destructive macroscopic chemical analysis technique that is based on principles similar 
to EDS and WDS. Although XRF is capable of analysing major and trace elements it is 
limited to the fact that it can only analyse samples greater than 30 μm. Since XRF is a 
macroscopic chemical analysis technique, detecting chemical variants between particles and 
between the different phases within the PDZ material would be impossible. However, with 
EDS one can analyse on the microscopic level, and can do a point analysis of a specific 
phase. Therefore with EDS it was possible to detect differences in the chemical composition 
of the silica and zirconia phases. 
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6.3 Wavelength dispersive X-ray spectrometry of PDZ 
 
Wavelength dispersive X-ray spectrometry was performed on the PDZ material in order to 
quantify the amount and location of trace amounts of uranium (U) and thorium (Th) 
impurities within the PDZ material. No U or Th was detected in the material by WDS. The 
typical minimum detection limits of WDS detectors are 0.01 wt. % (Niazi, 2006). Thus the 
amount of U and Th, if present, in the sample would be lower than 0.01 wt. %. 
 
6.4  Transmission electron microscopy  
 
In this section, the results obtained for the transmission electron microscopy (TEM) analysis 
of the ground PDZ material are presented. 
 
6.4.1  Transmission electron microscopy of PDZ 
 
The microstructure of the PDZ material as analysed in the TEM revealed nanocrystalline (A) 
and amorphous (B) regions as shown in the bright-field TEM micrograph in Fig. 6.9.  
 
 
Fig. 6.9. BF TEM micrograph of the PDZ material  
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Fast Fourier transformations (FFT) were obtained from the zirconia particles in order to 
identify the crystalline nature of these particles. FFT‟s from high resolution TEM images are 
essentially reconstructed diffraction patterns of the areas imaged. This is due to the fact that 
in a TEM the diffraction plane is a Fourier transform of the image plane and vice versa. Fig. 
6.10 shows a typical FFT of the zirconia phase. By measuring the d-lattice spacing of the 
FFT‟s and comparing these values with the values obtained from the software package JEMS, 
it was concluded that the zirconia is present in the monoclinic and tetragonal crystal phases. 
Reflections A and B correspond to that of monoclinic zirconia with Miller indices 100 and 
 ̅    respectively. Reflections C and D corresponds to that of tetragonal zirconia with Miller 
indices 101 and 211 respectively. 
 
The predominant phase observed was the monoclinic phase. However, the cubic zirconia 
crystal phase could not unambiguously be identified.  
 
 
 
Fig. 6.10. FFT of the zirconia phase 
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6.4.2  Planar defects in the monoclinic zirconia structure 
 
Fig. 6.11 shows a bright-field TEM micrograph of a monoclinic zirconia particle that has a 
high density of planar defects as indicated by the arrows. The defects present in the 
monoclinic zirconia could be as a result of the thermal strain induced due to the transition of 
the cubic or tetragonal phase to the monoclinic zirconia phase as explained in section 2.3.4. 
 
 
Fig. 6.11. TEM image of a monoclinic zirconia particle with planar defects as indicated by 
arrows. 
 
The two simplest types of stacking fault displacement vectors suggested for the structure of 
the monoclinic phase lie parallel to the cell face diagonals and along the cell edges and are 
referred to as types I and II, respectively. The type I displacement vector causes a slight 
faulting of the oxygen atoms only, since the zirconium atoms will be displaced to identical 
positions. The type II vector will displace zirconium atoms as well as oxygen atoms and the 
fault produced is therefore likely to have a higher energy than the type I fault (Bailey, 1964).  
 
A study by Baily (1964) investigated the presence of twins and stacking faults in zirconia. 
The twinning observed in this study was regarded as deformation twinning resulting from the 
constraints imposed on any one transforming grain by surrounding neighbours. It was not 
possible to identify the nature of the planar defects observed in Fig 6.11. 
87 
  
6.4.  Infrared spectroscopy 
An advantage of infrared spectroscopy is that the absorption of infrared radiation is mainly 
dependent upon the atomic masses and the length and strength of the interatomic bonds. 
Infrared spectroscopy is a simple and reliable technique widely used in both organic and 
inorganic chemistry, in research and industry. Infrared spectra can give valuable information 
on the crystal structure, composition and surface of the studied material. The results of the 
infrared absorption of zircon and PDZ will now be discussed. 
 
6.4.1.  Infrared absorption of zircon 
 
For the tetragonal zircon, seven infrared-active modes (internal = 2Au + 2Eu and external = 
A2u + 2Eu) are predicted by group theory (Zhang et al. 2001). The selection rules predicts that 
modes of Eu symmetry are observed when the electric vector of the incident infrared 
radiation, E, is perpendicular to the c-axis, while those of A2u symmetry are observed when E 
is parallel to the c-axis. 
 
All seven predicted infrared modes of zircon were observed in the material analysed and are 
listed in Table 6.2. 
 
Table. 6.2. Assignment of all IR-active modes found in the zircon material. 
Eu  A2u  
Wavenumber (cm
-1
) Assignment Wavenumber (cm
-1
) Assignment 
278 Rotatory vibration 300 Translatory vibration 
378 Translatory vibration 610 ν4 (SiO4) 
432 ν4 (SiO4) 980 ν3 (SiO4) 
884 ν3 (SiO4)  
 
Among the four internal SiO4 vibration modes, two are assigned to ν3 (anti-symmetric 
stretching of Si-O, Eu mode at 884 cm
-1
 and A2u mode at 980 cm
-1
) and the other two are 
characterized by the O-Si-O bending ν4 (anti-symmetric bending, Eu at 432 cm
-1
 and A2u at 
610 cm
-1
). The ν1 (SiO4) and ν2 (SiO4) modes which are characterized by the symmetric and 
bending vibrations respectively, are not infrared active due to symmetric reasons (Nasdala et 
al. 2003).  
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The three lowest peaks in the far-infrared region (278, 300 and 378 cm
-1
) are external modes 
which are related to SiO4 group motions against zirconium atoms and motions of zirconium 
atoms. 
 
The full absorbance spectrum of the zircon is shown in the Fig. 6.12. 
 
 
Fig. 6.12. The IR absorbance spectra of the zircon material. 
 
All seven infrared-active modes can clearly be seen in Fig. 6.12. In addition to these modes 
there exist additional peaks near 240 and 788 cm
-1
 as well. These additional peaks are most 
likely a result of radiation damage caused by the uranium and thorium present in the zircon. 
Over a period of time the large uranium and thorium atoms substitute for the zirconium 
position in zircon at concentrations of up to tens of thousands of parts per million (ppm) 
(Meis et al. 1998). This leads to systematic variations in the absorption spectrum of zircon. 
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6.4.2  Infrared absorption of PDZ material 
 
The infrared absorption frequency observed for the different degrees of dissociated zircon is 
listed in Table 6.3 below. The spectra obtained as shown in Fig. 6.13 exhibit peaks that agree 
well with the peaks that are characteristic for the monoclinic (m) and tetragonal (t) zirconia 
polymorphs and with spectra recorded by other workers (Zhang et al. 1999, Maczka et al. 
1999 and Makreski et al. 2005).  
 
Table 6.3. Assignment of the phases of the IR-active modes that were found in the PDZ 
material. 
82% 90% 95.2% 100% 
 ̅ (cm-1) Phase  ̅ (cm-1) Phase  ̅ (cm-1) Phase  ̅ (cm-1) Phase 
  305 m     
  347 m 
409 m 
475 m 
567  
580 t 575 t   
  594 t   
730 m 730 m 726 m 730 m 
791 s 791 s 795 s 791 s 
1070 s 1070 s 1070 s 1100 s 
1220 s 1220 s 1220 s 1220 s 
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Fig. 6.13. IR absorbance spectra of the various PDZ material. 
 
These results indicate that zirconia is present in the monoclinic (m) and tetragonal (t) phase in 
the 82, 90 and 95.5% dissociated zircon, while only monoclinic zirconia is present in the 
100% PDZ material. The zirconia is found to have predominantly the monoclinic crystal 
structure as a result of the stability of this polymorph at low temperatures. The peaks from, 
790 to 1200 cm
-1
, correspond to that of the amorphous silica phase (s).  
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6.5  Raman spectroscopy 
 
Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 
monochromatic light, usually from a laser source. Raman spectroscopy can be used to study 
solid, liquid and gaseous samples without additional sample preparation. Raman spectroscopy 
is an excellent technique to use in conjunction with infrared spectroscopy, as they yield 
similar and complementary results (Denton et al. 2003). 
 
6.5.1  Raman spectroscopy of zircon 
 
Theoretical analysis predicts twelve Raman-active normal modes in zircon (2A1g + 4B1g + 
B2g + 5Eg) (Zhang et al. 1999). Raman zone-centre normal modes can also be described as 
internal modes and external modes: internal = 2A1g + 2B1g + B2g + 2Eg while external = 2B1g 
(translatory) + 2Eg (translatory) + Eg (rotatory). 
 
Only two of the twelve Raman modes were observed in the zircon material as shown in Fig. 
6.14. 
 
 
Fig. 6.14. Raman spectrum of the zircon material. 
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These peaks are listed and assigned in Table 6.4. 
 
Table 6.4. Assignment of the Raman-active modes of zircon 
Wavenumber (cm
-1
) Assignment 
230 Tz
+
 (translational) 
354 ν2 (SiO4) 
  
The 230 cm
-1
 frequency corresponds to the translational (T) mode that translates in the z-
direction, while the 354 cm
-1
 frequency corresponds to an external lattice mode that arises 
from the out-of-phase SiO4 bendings (ν2) (Smirnov et al. 2010 and Makreski et al. 2005). 
The 168 and 283 cm
-1
 frequencies could not be matched to any of the Raman modes of 
zircon, although the 283 frequency which is assigned to Tx
+
 and Ty
-
 is infrared active. 
 
6.5.2  Raman spectroscopy of PDZ 
 
For zirconia the eigenvector of the A1g mode consists of the oxygen motions along the z-
direction only. The B1g modes also involve displacements in the z-direction; however both 
zirconium and oxygen are now participating. The Eg modes consist of displacements of both 
oxygen and zirconium in the (x,y) plane (Bouvier et al. 2000). 
 
Fig. 6.15 shows the Raman spectra for the different degree dissociated zircon. On the basis 
previous studies, (Manriquez et al. 2008, Quintard et al. 2002 and Duan et al. 2007), 
monoclinic zirconia is expected to yield a spectrum consisting of fourteen bands and the 
tetragonal zirconia yields six bands. 
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(a) 
 
 
(b) 
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(c) 
 
 
(d) 
Fig. 6.15. Raman spectra of the (a) 82%, (b) 90%, (c) 95.2% and (d) 100% PDZ material. 
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The Raman frequency observed for the different degree dissociated zircon is listed in Table 
6.5 below. 
 
Table 6.5. Phase assignment of the Raman-active modes found in the PDZ material. 
82% 90% 95.2% 100% 
 ̅ (cm-1) Phase  ̅ (cm-1) Phase  ̅ (cm-1) Phase  ̅ (cm-1) Phase 
177 m   178 m 178 m 
  190 m   
263 t   
283 z 
332 m   335 m 334 m 
  347 m 348 m   
380 m   381 m 380 m 
475 m 476 m 476 m 475 m 
      503 m 
536 m 
560 m 
618 m 618 m 618 m 
638 m   638 m 
  643 t   
 
All of the Raman peaks observed are characteristic of monoclinic and tetragonal zirconia 
with the exception of the 283 cm
-1
 peak which is an infrared active peak for zircon (z). 
 
Comparing the results contained in table 6.5 and the Raman spectra in figure 6.15 to that of 
the references above, it can be seen that the all four dissociated zircon samples has typical 
Raman-active bands that are contributed by monoclinic and tetragonal zirconia.  
 
The Raman results are in agreement with that of the infrared in the sense that the zirconia is 
predominantly in the monoclinic phase. 
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6.6  X-ray diffraction and Rietveld refinement 
 
The X-ray diffraction is of great importance in the microstructural characterization of 
complex, multiphase materials. The application of X-ray diffraction not only enables 
qualitative and quantitative phase analysis but also microstructural characterization 
(crystallite size, lattice distortions and dislocations). The results of the X-ray diffraction of 
the zircon and PDZ material as well as the Rietveld refinement of the XRD profile of the 
PDZ material will now be discussed. 
 
6.6.1  X-ray diffraction of zircon 
 
The X-ray powder diffraction pattern of zircon is shown in Fig. 6.16. The diffraction peak 
positions and relative intensities agree well with results recorded by Li et al. (2002). 
 
 
Fig. 6.16. XRD spectrum of the zircon material. 
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6.6.2  X-ray diffraction of PDZ  
 
Fig. 6.17 shows the powder X-ray diffraction patterns of the different degree dissociated 
zircon. The powder X-ray diffraction of the PDZ indicates that the zirconia is present in a 
mixture of the monoclinic, tetragonal and cubic polymorphs. All the diffraction patterns are 
very similar with only a few subtle differences in intensities. 
 
 
Fig. 6.17. XRD spectra of the various PDZ material. 
 
Table 6.6 shows the positions of the peaks which are characteristic of the monoclinic, 
tetragonal and cubic zirconia phases. These peaks were compared with that of previous 
studies (Dercz et al. 2006, Sato et al. 2010 and Duan et al. 2007). 
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Table 6.6. XRD peaks corresponding to the monoclinic, tetragonal and cubic zirconia phases 
present in the PDZ material.  
Peaks of monoclinic zirconia 
2θ (°) 
Peaks for tetragonal 
zirconia 2θ (°) 
Peaks for cubic zirconia  
2θ (°) 
24 30 35 
28 49.5 60 
31.5  
 
 
 
38.6 
40.4 
45 
 
The monoclinic zirconia phase appears to be the main component in the PDZ material 
confirming the results that were obtained from infrared and Raman spectroscopy 
measurements. 
 
A problem that arises in the case of the tetragonal and cubic zirconia is the similarity of their 
XRD patterns. Due to overlapping peaks in the polycrystaline powder diffraction patterns, it 
is difficult to distinguish between the tetragonal and cubic zirconia phases. For example, the 
peaks centred at 2θ ~ 30, 50 and 62° are characteristic of tetragonal and cubic zirconia. 
Hence, the Rietveld refinement method was applied to the XRD patterns to extract the 
structural information. 
 
6.6.3  The Rietveld analysis of the PDZ material 
 
To verify the presence of all the zirconia polymorphs present in the PDZ material, the 
combination of the monoclinic phase with space group P21/c, tetragonal (space group 
P42/nmc), cubic (space group Fm/3m) and zircon (space group I41/amd) was used as the 
starting models for refining. The typical Rietveld refinement plot of the PDZ material is 
presented in Fig. 6.18 which shows the observed (blue), calculated (red) and the difference 
(black) X-ray diffraction profiles of the various PDZ material. The vertical ticks indicate the 
Bragg reflections for the monoclinic, tetragonal, cubic zirconia and zircon phases. 
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Fig. 6.18. Comparison of observed XRD pattern to the Rietveld analysis of PDZ. 
 
The refinement revealed monoclinic zirconia as the major phase followed by the tetragonal 
and cubic phases. The results of the zirconia phase analysis as determined by Rietveld 
refinement is summarized in Table 6.7. 
 
Table 6.7. Rietveld analysis of the PDZ material (weight %) 
 Monoclinic Tetragonal Cubic 
Weight% 89.5 ± 4.1 9.5 ± 2.5 1.0 ± 0.6 
 
This result is in agreement with that of the infrared and Raman spectroscopy analyses in that 
zirconia is predominately found in the monoclinic polymorph. Since the monoclinic 
polymorph of zirconia is stable below 1170°C; tetragonal polymorph, stable between 1170 
and 2370°C; and the cubic polymorph, stable from 2370 to its melting point 2700°C; the 
tetragonal and cubic phases will only be retained in zirconia particles that are small enough 
(<30nm) to prevent the transformation to the monoclinic phase due to the crystallite size 
effect and surface energetics. 
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6.7  Determination of the percentage dissociation of zircon to PDZ by FTIR-ATR  
 
Partial least squares regression (PLS) essentially is a procedure used to model the relationship 
between a set of predictor variables X and a set of response variables Y. The aim of this 
section is to determine whether it is possible to predict the percentage dissociated zircon in 
PDZ (Y-variable) by measuring/analysing the absorption spectrum (X-variable) of the 
material. 
 
Calibration and Cross-validation 
 
The FTIR-ATR spectra of the zircon and various PDZ material are shown in Fig. 6.19. The 
percentage zircon dissociated of each sample was entered and the system used an algorithm 
to calculate which areas will give the best correlation. The system identified three analytical 
regions; 896 - 1248 cm
-1
, 2270 – 3312 cm-1 and 3670 – 4000 cm-1. 
 
 
Fig. 6.19. FTIR-ATR spectra of zircon and PDZ material showing spectral regions selected 
for analysis (white areas). 
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Analysis of all the samples were done in duplicate and the average predicted percentage 
dissociated zircon in PDZ is shown in Table 6.8.  
 
Table 6.8. True and FTIR-ATR predicted values for the percentage dissociated zircon in 
PDZ. 
True value (% PDZ) FTIR-ATR predicted  
(% PDZ) 
0 (Zircon) 0.7 ± 0.4 
82 82.9 ± 2.2 
90 90.2 ± 2.2 
95.2 95.5 ± 2.9 
100 100.4 ± 3.1 
 
For the correlation between measured and predicted percentage zircon dissociated in the PDZ 
as shown in Fig. 6.20, a coefficient of determination (R
2
) of 99.92% has been achieved. R
2
 
gives the percentage of variance present in the component values, which were reproduced in 
the prediction. 
 
 
Fig. 6.20. Correlation line between the predicted and true percentage dissociated zircon in 
PDZ. 
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These results show that quantification of the degree of dissociation in PDZ material is 
possible by use of an FTIR-ATR in combination with partial least squares modelling. This 
finding is of great importance because this technique is simple, fast and can be incorporated 
into the PDZ production facility. Furthermore ATR provides an alternative to the normal 
transmission IR as this method requires no sample pre-treatment compared to the traditional 
disk and mull techniques for the analysis of powdered samples of conventional infrared 
spectroscopy. 
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CHAPTER SEVEN 
 
CONCLUSIONS 
 
In this chapter the conclusions drawn from the results of this study are provided. The chapter 
is divided into four sections; Section 7.1 lists the main results and conclusions of the 
microstructural and morphological analysis of the PDZ material from the SEM study, Section 
7.2 gives the main results and conclusions for the analytical analysis from the EDS study, 
Section 7.3 gives the results and conclusions of the crystalline nature of the zirconia in the 
PDZ material from the TEM, IR, Raman and XRD study, Section 7.4 discusses the accuracy 
of the determination of the percentage zircon dissociated in PDZ by FTIR-ATR and 
recommendations for future work in discussed in Section 7.5. 
 
7.1 Microstructural and Morphological Analysis of the PDZ material 
 
 The nucleation of the zirconia crystals from zircon arises from the solidification that 
occurs during the cooling process of the dissociated zircon. 
 The difference in microstructure of the zirconia arises from different crystallization 
paths which are dependent upon the thermal history of the material. 
 Phase separation occurred with the direct nucleation and spherulitic growth of 
zirconia crystals, and the formation of fine droplet zirconia crystals formed via liquid-
liquid phase separation. 
 The morphology of the PDZ particles ranged from completely spherulitic, through 
mixed spherulitic-phase separated, to completely phase separated. 
 
The nucleation of the zirconia crystals from zircon arises from the solidification that occurs 
during the cooling process of the dissociated zircon. There exist a range of possible thermal 
histories and the morphologies of the zirconia observed depend upon the cooling rate of the 
molten zircon. Large zirconia crystals grow in a spherulitic manner as a result of a slow 
cooling process. Molten zircon cooled in a rapid fashion forms droplet shaped zirconia 
crystals possessing a small surface area as a result of constraints due to the surrounding 
materials.  
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7.2 Analytical Analysis of the PDZ material 
 
 Impurity analysis of the undissociated zircon phase using SEM-EDS revealed the 
presence of aluminium, calcium, titanium, hafnium and iron. 
 The majority of the impurities present in zircon were found to segregate to the silica 
phase during the dissociation process. 
 Aluminium, iron and calcium were detected in the dissociated silica phase. 
 Hafnium and titanium were detected in the dissociated zirconia phase. 
 
Zirconia crystals nucleated from the molten zircon droplets during the cooling process ejects 
residual silica and impurities from the zirconia matrix into the surrounding silica rich liquid. 
The majority of the impurities thus diffuse into the silica during the cooling of the PDZ 
material. Hafnium however remains in the zirconia matrix due to the similarities between 
zirconium and hafnium. 
 
7.3 Crystalline Nature Analysis of the Zirconia phase 
 
 The phases of the zirconia determined by HRTEM using fast Fourier transforms were 
the monoclinic and tetragonal polymorphs. 
 Monoclinic and tetragonal zirconia polymorphs were identified by infrared and 
Raman spectroscopy. 
 Powder X-ray diffraction confirmed the presence of monoclinic, tetragonal and cubic 
zirconia polymorphs. 
 Rietveld analysis indicated that the amounts of monoclinic, tetragonal and cubic 
zirconia present in the PDZ material were 89.5, 9.5 and 1% respectively. 
 
The monoclinic polymorph of zirconia is stable below 1180°C, while the tetragonal and cubic 
polymorphs are stable in the ranges 1180 - 2370°C and 2370 - 2700°C respectively. The 
retention of the high temperature polymorphs is a result of the crystallite size and surface 
energetics of the zirconia particles. The majority of the zirconia particles that dissociate from 
the zircon crystallized forming large spherulitic particles that transform to the monoclinic 
polymorph upon cooling. Some zirconia, formed via a rapid cooling process, crystalized into 
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small droplet shaped particles which are thermodynamically more stable in the tetragonal and 
cubic phases at room temperature. 
 
7.4 Determination of the percentage dissociation of zircon to PDZ by FTIR-ATR  
 
In this study FTIR-ATR was used to obtain IR spectra to determine whether this could be 
used to determine the percentage dissociated zircon in the PDZ. Spectra from the PDZ 
material were subjected to PLS regression and the results indicated that FTIR-ATR could be 
a viable alternative method to XRD currently being used. A coefficient of determination of 
99.92% was obtained. 
 
7.5 Future Work  
 
Preparing samples for the TEM by means of ion milling techniques was unsuccessful due to 
the hardness of the material. The method used in this study (refer to section 5.2.2) made it 
impossible to study the crystal structure of the different microstructures of the zirconia within 
the PDZ material as it required the material to be grinded into a fine powder. Focused ion 
beam scanning electron microscopy (FIBSEM) will thus be used in future to produce samples 
retaining the different microstructures that will be suitable for analysis in the TEM. 
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